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Porcine epidemic diarrhea virus (PEDV) and porcine deltacoronavirus (PDCoV) are both 
enteric coronaviruses that infect enterocytes. Clinical signs for both viral infections include 
diarrhea, dehydration, and anorexia. Newborn and suckling pigs experience higher rates of 
mortality compared with nursery pigs due to less developed gastrointestinal tracts and immune 
systems; however, there is minimal data on the longitudinal impact of enteric coronavirus infection 
on growth performance, intestinal function and integrity, and metabolism in older nursery-grower 
pigs.  Therefore, the overall objective of this dissertation was to characterize and understand how 
enteric health challenges modulate nursery pig performance and metabolism. We hypothesized 
that enteric coronavirus infection would reduce pig performance, disrupt intestinal function and 
barrier integrity, and repartition energy and nutrients away from lean tissue accretion in post-
weaned growing pigs. To address the overall objective, this dissertation has been organized into 
three research chapters.  
 The first study (Chapter 2) highlighted the negative impact of PEDV 
(US/Iowa/18984/2013) challenge on growth performance from day post inoculation (dpi) 0 – 7, 
while demonstrating that PDCoV (US/Iowa/25573/2014) challenge did not negatively impact 
growth performance of nursery pigs. The initial impact of PEDV challenge on growth performance 
within dpi 0 – 7, resulted in reduced protein accretion over 42 days. As a result of the lack of 
disease and performance impact in nursery pigs due to PDCoV challenge, Chapters 3 and 4 focused 
on further characterizing the effects of PEDV challenge in growing pigs. In Chapter 3, PEDV pigs 
were euthanized at dpi 2, 5, 7, and 14 to longitudinally assess intestinal function and integrity in 
nursery pigs during peak PEDV infection and during recovery. PEDV challenge resulted in 
compromised barrier integrity and digestive and absorptive function during peak infection, but 
xiv 
 
returned to levels of Controls by dpi 7. Interestingly, PEDV challenge resulted in increased acidic 
mucins, specifically sialomucins, after PEDV was no longer present in jejunum compared with 
Controls. Chapter 4 PEDV challenged pigs had an overall (dpi 0 – 20) reduction in feed efficiency 
driven by the increased ADFI from dpi 6 – 20 compared with Controls. Further, these PEDV pigs 
had reduced efficiency of protein translation in jejunum at dpi 5 which was driven by reduced total 
protein; however, cell proliferation was greater at dpi 5 compared with Controls suggesting PEDV 
pigs were working to recover absorptive capacity and damage due to infection. Increased feed 
intake in PEDV pigs appeared to be providing enough energy and nutrients required by the 
epithelial layer to recover as PEDV pigs did not increase markers of muscle proteolysis (except 
for 20S proteasome) or increase liver or jejunum gluconeogenesis. Overall, the work from this 
dissertation showed that PEDV challenge directly influences intestinal function and integrity and 
modulates growth performance leading to long-term impacts on protein accretion in post-weaned 
growing pigs. Interestingly, PDCoV challenge did not negatively impact performance or tissue 
accretion in post-weaned growing pigs. The reduction in feed efficiency of PEDV pigs may be due 
to the allocation of feed energy and nutrients to the epithelium to support the activated immune 
system and intestinal epithelium recovery, and thus, away from lean growth. Although less severe 
than in newborn-suckling pigs, PEDV challenge does result in reduced intestinal function and 
integrity, but this resolves within 14 days. However, this short-term impact results in reduced lean 





CHAPTER 1. LITERATURE REIVEW 
Introduction 
According to the December 2016 Quarterly Hogs and Pigs report by the National 
Agriculture Statistics Services, the U.S. hog herd consisted of 71.5 million head (NASS-USDA, 
2016). The majority of these pigs are housed in specialized operations with greater than 5,000 head 
organized by stage of production that is, nursery, farrow-to-wean, wean-to-finish, farrow-to-
feeder, farrow-to-finish, and finishers (NASS-USDA, 2015). Industry specialization and 
segregation has increased efficiency in terms of more gain per feed consumed and less cost per 
production unit. Despite the improved production efficiencies, increased pig density may have 
some consequences on herd health status (Drew, 2011). Prevalence of porcine reproductive and 
respiratory syndrome (PRRS), influenza, and porcine circovirus have increased over time in spite 
of implementation of beneficial management practices such as biosecurity, all-in-all-out, 
ventilation strategies, etc. (Davies, 2012).  
 Pigs can encounter many different pathogens at all stages of production, including viral, 
bacterial, parasitic, and fungal; however, viruses appear to be more difficult to eradicate. Since 
1985, 186 new pathogen species have been reported that effect pigs and cause disease, with 
approximately half of the new variants being bacterial and the other half being viral (Fournie et 
al., 2012). The 2012 USDA-APHIS Swine Health and Health Management, surveyed producers’ 
opinion of the most common disease problems in their swine herds. This survey reported that in 
the nursery phase Steptococcus suis, PRRS, influenza, greasy pig, Escherichia coli, and 
Mycoplasma hyopneumonia were the most common diseases (USDA, 2015).  
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Young pigs are particularly susceptible to enteric pathogens due to stress and changes in 
the gastrointestinal tract (GIT) structure and function, diet, social structure, transportation, etc., 
particularly around the time of weaning. The focus of this literature review will be on two newly 
emerged enteric pathogens in the U.S. that have impacted pork production: porcine epidemic 
diarrhea virus (PEDV) and porcine deltacoronavirus (PDCoV). Although there have been several 
publications on genomic sequencing of pathogenic strains, virus-host interactions, and 
pathogenesis of these viruses, research is still warranted to characterize the effect of these diseases 




Viruses are small, unicellular, obligate intracellular parasites that require a host for 
replication (Yoon, 2012). The infectious viral unit outside a living cell is referred to as a “virion” 
and is comprised of genomic material, a protein coat or “capsid,” and may or may not be covered 
by an envelope. The genomic material can be double- or single-stranded DNA or RNA that 
encodes for both structural and non-structural proteins of the virus. If the virus is enveloped, that 
envelope is derived from the cell membrane of the cell it replicated in and the envelope is acquired 
when the virion moves through a membrane in a process referred to as “budding.”   
Within the family Coronaviridae of the order Nidovirales, coronaviruses (CoVs) are all 
positive-sense, single-stranded, enveloped RNA viruses with distinct club-shaped peplomers on 
their envelope surface (Yoon, 2012). Originally, CoVs were classified into three groups based on 
antigenic cross-reactivity, where group 1 and 2 infect mammals and group 3 infects avian species 
(Woo et al., 2010). Now, CoVs are designated in genera: Alphacoronavirus, Betacoronavirus, 
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Gammacoronavirus, and Deltacoronavirus (Song and Park, 2012; Woo et al., 2012; Jung and Saif, 
2015). Five different CoVs are known to infect pigs: 1) transmissible gastroenteritis virus (TGEV), 
2) porcine respiratory virus (PRCV), 3) PEDV, 4) porcine hemagglutinating encephalomyelitis 
virus (PHEV), and 5) PDCoV (Chen et al., 2015).   
Similar to TGEV, PEDV results in enteric diarrheal disease and all ages of swine are 
susceptible. Porcine epidemic diarrhea (PED) first appeared in England in the 1970’s (Wood, 
1977), but quickly spread throughout Europe (Chasey and Cartwright, 1978; Van Reeth and 
Pensaert, 1994) and then Asia (Takahashi et al., 1983; Kweon et al., 1993). The causative agent of 
PED, PEDV, was identified in Belgium as strain CV777 and was deemed distinct from TGEV 
(Pansaert and DeBouck, 1978). While PED cases have lessened in Europe (Saif et al., 2012), Asia 
is still economically affected by PEDV (Chen et al., 2008). Since its first U.S. appearance in April 
2013 (Stevenson et al., 2013), PEDV has spread to Mexico, Canada (Vlasova et al., 2014; Ojkic 
et al., 2015), and has re-emerged in Asian countries (Lee and Lee, 2014; Lin et al., 2014). Within 
a 1-year period (2013-14) in the U.S., approximately 7 million piglets died due to PEDV (Jung 
and Saif, 2015) and the estimated economic loss was between $900 million and $1.8 billion 
(Paarlberg, 2014). 
PEDV, TGEV, and PDCoV can manifest similarly in the host (Song and Park, 2012; Lin 
et al., 2015), making diagnosis based on clinical signs virtually impossible (Pospischil et al., 2002; 
Jung et al., 2016b). Therefore, detection is reliant on measurements such as fecal real-time 
polymerase chain reaction (RT-PCR; Kim and Chae, 2002), serology (Hofmann and Wyler, 1990; 
Gerber et al., 2014a) and immunohistochemistry (Kim and Chae, 2002). In the initial report on 
PEDV in the U.S., Stevenson et al. (2013) reported clinical signs of yellow, watery diarrhea, 
vomiting, dehydration, and mortality exceeding 95% in newborn pigs; whereas mortality in 2-4 
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week old pigs was approximately 40% with milder 
clinical signs. Necropsy examination in younger pigs 
showed watery, thin-walled intestines (Figure 1.1) 
and truncated villi with swollen epithelial cells near 
the villus tip which is characteristic of PEDV (Figure 
1.2). Vomiting was later determined to be an 
inconsistent clinical sign of PEDV that is only 
sometimes observed early in infection (Madson et 
al., 2014). Interestingly, it is unknown if the 
minimum infectious or lethal dose of virus differs 
between age groups of pigs (Crawford et al., 2015); 
however, the clinical signs described above would 
suggest that there is. Clinically, PDCoV appears to 
be similar to PEDV with watery diarrhea and 
mortality in newborn piglets, although mortality rate 
are less (30 - 40%) than reported for PEDV (Wang et 
al., 2014). On U.S. farms, PDCoV has been reported 
alone and together with PEDV as dual-infections in 
young pigs (USDA, 2016). Interestingly, there have 
been few PEDV and PDCoV studies examining the 
effect of these two viruses on intestinal function and recovery, and overall pig growth performance. 
Figure 1.1. Watery thin-walled intestine 
characteristic of PEDV (Stevenson et al., 
2013).   
Figure 1.2. Truncated villi in small 
intestine of PEDV infected pig (Stevenson 




The main route of transmission for PEDV is via oral contact with feces from infected 
animals (Saif et al., 2012; Madson et al., 2014), but in order to spread between farms, the virus 
may be transmitted via other less defined mechanisms. Likely fomites for transmission include 
equipment, clothing, boots, and vehicles used for transportation, specifically trailers hauling pigs 
to harvest facilities, which is a source of contact among various swine operations (Lowe et al., 
2014). Aerosolized PEDV was also identified as a possible risk factor especially in conjunction 
with farm proximity in hog dense areas. Alonso et al. (2014) detected PEDV RNA in air samples 
from rooms housing infected pigs and that those diluted air samples were still infectious as 
determined by bioassay. In addition, PEDV RNA was detectable approximately 16.1 km (10 miles) 
downwind of a naturally infected farm, although this was not proven to be infectious by bioassay. 
PDCoV like PEDV is transmitted via fecal-oral route, however it is unknown if aerosolized 
PDCoV remains infectious.  
Early in the U.S. history of PEDV and PDCoV, feed and feed ingredients were deemed a 
potential risk (Dee et al., 2014), but this appears to be ingredient specific (Dee et al., 2015). In 
particular, spray-dried porcine plasma (SDPP) contaminated with PEDV has been reported to be 
a potential cause of PEDV introduction into naïve herds (Gerber et al., 2014b; Pasick et al., 2014); 
however, these results are not always reproducible (Dee et al., 2015). PEDV has been shown to be 
sensitive to heat and can be inactivated by heating for 30 minutes at 60°C (Hofmann and Wyler, 
1989).  To determine if the spray-drying process would inactivate PEDV, Gerber et al. (2014b) 
inoculated porcine plasma and subjected it to the spray-drying process. Although PEDV RNA was 
detectable in the final SDPP product, pigs consuming product did not shed PEDV in feces or 
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seroconvert. This is a good example to illustrate that PEDV RNA detection is not synonymous 
with infectivity or replicating virus. 
Molecular characterization  
In US swine, PDCoV, of the Deltacoronavirus genus, was first detected in 2014 from pigs 
showing clinical signs of diarrhea (Chen et al., 2015). However, a retrospective study indicated 
that PDCoV existed in U.S. swine since August 2013 (Sinha et al., 2015). The U.S. PDCoV strain 
has a similar genome sequence to two Hong Kong strains and contains 5’ and 3’ untranslated 
regions (UTRs), open reading frame (ORF) 1a/1b, spike (S), envelope (E), membrane (M), 
nonstructural protein 6 (NS 6), nucleocapsid (N), and NS 7 (Woo et al., 2012; Li et al., 2014; Chen 
et al., 2015).  
 PEDV is an approximately 28 kb RNA virus with a 3’ poly-adenylate tail, a 5’ UTR, and 
7 ORFs that encode structural proteins including: S, M, E, and  (N) proteins (Haan et al., 2000; 
Sun et al., 2012; Chen et al., 2014) and three non-structural proteins involved in replication and 
transcription (Song and Park, 2012). The S protein plays a critical role in viral entry into host cells 
(Cavanagh, 1997), while the M and E proteins are important for envelope formation (Haan et al., 
2000). 
Viral entry  
Viruses are obligate intracellular parasites that must gain access to host cellular machinery 
in order to initiate infection (Bosch et al., 2003); therefore, PEDV S protein is of particular interest 
for vaccine production (Lee et al., 2011; Song and Park, 2012). The S protein defines the virus 
tissue tropism as it binds host receptors to initiate cell entry (Bosch et al., 2003) and infection 
(Gallagher and Buchmeier, 2001). PEDV S protein has 2 domains, S1 and S2, functioning to bind 
host receptors and direct fusion with host membrane, respectively (Gallagher and Buchmeier, 
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2001; Lee et al., 2011). Aminopeptidase N (APN) is the host receptor protein by which PEDV 
gains entry into host cells (Li et al., 2007). APN, also referred to as CD13 (Nam and Lee, 2010), 
is a membrane-bound glycoprotein found on epithelial cell surfaces in the kidney, small intestine, 
and respiratory tract (Kenny and Maroux, 1982). For the host, APN is a zinc-dependent protease 
that cleaves N-terminal AA from peptides and thereby is important for protein digestion (Jongeneel 
et al., 1989). There is some discrepancy in the literature as to the role of APN in PEDV infection. 
Nam and Lee (2010) found that it was not the enzymatic activity of APN that allowed for PEDV 
entry, but the density of APN on the epithelial surface that was important factor for viral entry. 
However, Shirato et al. (2016) suggests that APN may not be the functional receptor of PEDV, but 
does aid in infectivity due to its enzymatic activity. Small intestine enterocytes have an abundance 
of APN on their surface and therefore is the main site of infection for PEDV (Li et al., 2007). After 
membrane fusion, the PEDV genome is uncoated in the cytoplasm where it replicates (Lee, 2015). 
Progeny PEDV are assembled via ER-Golgi compartments that bud and fuse with the plasma 
membrane to release the virus from the cell (Lee, 2015). Interestingly, PEDV RNA was not 
detected in oro-nasally infected pigs (Debouck et al., 1981; Jung et al., 2014) or in extra-intestinal 
organs such as the tonsil, spleen, liver, and kidneys (Park et al., 2014). However, Park and Shin 
(2014) were able to demonstrate both in vitro and in vivo that PEDV can infect that respiratory 
tract, more specifically alveolar macrophages in the lung. 
 
Intestinal effects of PEDV and PDCoV 
To understand the effects of PEDV and PDCoV on the intestine, it is important to first 
understand intestinal organization and function. The GIT has two main functions: 1) digestion and 
selective absorption of nutrients, electrolytes, and water, and 2) maintain a barrier against foreign 
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materials and pathogens that are considered outside of the body that reside in the lumen. To 
accomplish these functions, the epithelial layer must be selectively permeable to nutrients and ions 
while simultaneously prevent influx of toxins and pathogens. Epithelial cells are aligned and held 
together by a series of protein-protein interactions that anchor into the cell cytoskeleton and create 
a paracellular seal or barrier to the lumen. Additionally, there are a series of specialized cells within 
the epithelial layer and in the lamina propria to aid in host defense. The general structure of 
intestine is comprised of 4 layers: mucosa, submucosa, muscularis externa, and serosa (Lu et al., 
2013). In the small intestine, the epithelium is organized into finger-like projections, called villi, 
that protrude into the lumen and crypts that are submerged into the submucosa. In contrast to the 
small intestine, the large intestine does not contain villi, only crypts (Binder, 2012). Enterocytes 
are the main cell type in the intestinal epithelium and directly responsible for digestion and 
absorption of nutrients. Mucus lubricates the epithelial layer and serves as a sieve, penetrable to 
only small molecules. The submucosa lamina propria contains a network of capillaries and 
lymphatic vessels that are primarily responsible for the transportation of absorbed nutrients. 
However, blood flow can also transport immune cells to the infected area when needed. Immune 
cells also reside as part of the epithelium, in the lamina propria and submucosa.  
Selective permeability of the epithelium is mediated by two main routes: transcellular and 
paracellular pathways (Groschwitz and Hogan, 2009). Sugars, amino acids, electrolytes, fatty 
acids, vitamins and minerals are typically transported transcellularly via transporters dependent on 
Na+/K+ ATPase driven gradients within the enterocyte or via passive diffusion. In contrast, 
paracellular transport is controlled by pore size created by protein-protein interactions between 
cells along the lateral membrane and concentration gradients. The proteins between two intestinal 
epithelial cells include: desmosomes, adherens junctions, and tight junctions (TJs).  
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Tight junctions can be transmembrane spanning or intracellular (Figure 1.3) and are 
thought to have the greatest role in barrier integrity of the intestine as their location is closest to 
the lumen (Shen et al., 2011). A family of transmembrane tight junction proteins, referred to as 
claudins, are the primary seal-forming proteins closest to the apical side of the epithelial layer (Inai 
et al., 1999; Mitic et al., 2000). Claudins form fibrils which recruit another tight junction protein 
family, occludin, to the fibril. The combination of these two protein families may modulate 
permeability properties of the epithelial layer depending on the structure or function of the specific 
claudins and occludins in the fibril (Mitic et al., 2000). Intracellular proteins, such as zona-
occludins (ZOs), scaffold the transmembrane tight junction proteins to the cell cytoskeleton (Shen 
et al., 2011). Formed protein linkages are not rigid, 
but are elastic in nature. Each TJ protein has a 
specific role in barrier function which determines 
their ability to diffuse ions and macromolecules. 
Having well-formed and organized TJs are 
associated with high transepithelial electrical 
resistance (TER) and low permeability which can be 
measured by electrophysiology and paracellular flux 
of small molecules, respectively (Lu et al., 2013). 
Intestinal morphology 
Altering the structure of the intestine will alter its function. This is especially important 
when considering enteric viral infections in newborn or suckling pigs compared with adults. The 
newborn intestine is different in both structure and function compared to the adult pig. For 
example, instead of having a developed, invaginated crypt in the small intestine, newborn pigs 
Figure 1.3. Schematic of tight junction 
protein interactions in the intestine 
(Mitic et al., 2000). 
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have an inter-villus epithelium that contains few descendants of pluripotent stem cells (Vidrich et 
al., 2006). Crypt invagination and monoclonity develops early postnatally for the small intestine 
and occurs during late gestation for the colon. Not having well-developed crypts can influence 
how the intestine can recover from an insult as this region contains proliferative cells. Digestion 
is also variable between age groups because of diet and enzyme differences. Prior to weaning, 
piglets’ diet consist of sow milk that has a high-fat and low, easily digestible carbohydrate content; 
at weaning, piglets are switched to a dry, cereal based diet that is low-fat and high-carbohydrate 
which may not be as easily digested (Ganessunker et al., 1999; Lallès et al., 2007). This dramatic 
switch in diet, along with the several variables associated with weaning (i.e., removal from sow, 
mixing, transportation, environment, etc.) modulates intestinal morphology, digestive function, 
and immune development. Suckling pigs compared to newly weaned pigs have greater villus 
height to crypt depth ratio (VH:CD) along with increased lactase enzyme activity (Boudry et al., 
2004). When considering data of studies on enteric viral infections, we need to consider not only 
what occurs during infection, but also what is happening in developmental periods such as 
weaning, and how these events might exacerbate the disease phenotype.  
Early controlled infection studies with Belgian strain CV777 found that caesarean-derived, 
colostrum deprived, 2 – 3-day old piglets first showed clinical signs including vomiting and 
diarrhea after approximately 24 hours incubation (Debouck et al., 1981). Replicated virus was 
observed in villus epithelial cells 12 – 18 hours post inoculation (hpi) and peak infection was 
observed 24 – 36 hpi which coincided with clinical signs. In a larger study conducted by Madson 
et al. (2014), 3-week old pigs were challenged with PEDV isolate US/Iowa/18984/2013. Lethargy, 
anorexia, and diarrhea was observed in 85% of challenged pigs by day post inoculation (dpi) 6. 
Viral antigen was detected in all sections of the small intestine on dpi 2 – 4 which coincided with 
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reduced villus height in challenged pigs at dpi 3, 4, and 7 in all segments of the small intestine 
compared with naïve counterparts. Jung et al. (2014) reported reduced VH:CD in 10 – 35-day old 
pigs inoculated PEDV strain PC21A compared with naïve counterparts. Reduced villus height and 
VH:CD as consequence of infection decreases absorptive capacity of nutrients leading to 
malabsorptive diarrhea. In addition, PEDV-infected enterocytes have been showed to have swollen 
mitochondria with distorted cristae (Ducatelle et al., 1982) which may reduce the energy 
availability for active, energy-dependent nutrient absorption. This in turn exacerbates clinical signs 
of disease.  
Diarrhea appears to be common throughout populations of naïve pigs being exposed to 
PEDV or PDCoV, regardless of age; however, morbidity and mortality is age-dependent in naïve 
animals. Madson et al. (2014) observed no mortality in 3-week old pigs inoculated with PEDV; 
however, field observations of piglets infected with PEDV report mortality approaching 100%, 
suggesting that PEDV severity is dependent on age (Shibata et al., 2000) and possibly other factors 
including environment and genetics. In general, based on published data with currently recognized 
strains and in the age of pigs that have been studied, PDCoV appears to be less severe in terms of 
morbidity and mortality compared with PEDV. 
Modification of structure and function in small intestine during infection 
PEDV antigen is observed in all sections of the small intestine, but the primary sites are 
jejunum and ileum (Debouck et al., 1981; Stevenson et al., 2013; Jung et al., 2014). Thus, villus 
atrophy in these areas is often more severe. In young, healthy pigs, VH:CD is approximately 7:1, 
whereas in PEDV infected pigs, VH:CD is dramatically reduced to approximately 3:1 (Jung et al., 
2006; Saif et al., 2012). The reduced villus height results in decreased absorptive area for nutrients 
and electrolytes creating malabsorptive diarrhea and eventual dehydration. In addition, digestive 
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function is also effected by PEDV infection. One-day old piglets, inoculated with PEDV strain 
SNUVR971496 were euthanized at 24, 26, 48, 60, and 72 hpi  and jejunum brush border enzyme 
activities, as defined by the activity to liberate 1 µmol glucose per minute per gram of protein, 
were measured (Jung et al., 2006). These authors reported lactase and sucrase activities to be 
increased 24 hpi, but were decreased thereafter compared with naïve controls. Maltase activity was 
not different from naïve controls 24 hpi, but were decreased thereafter. However, it is still unknown 
if digestive enzyme function normalizes as animals recover as the results from this study were 
limited to infection period only. As previously discussed, digestive enzyme function in a suckling 
animal is anticipated to be different from an adult animal due to the diet consumed. Suckling 
animals will have greater abundance and activity of lactase enzyme and less of maltase and 
sucrase; however, as the animal is weaned, those enzymes will reverse with greater abundance and 
activity of maltase and sucrase compared with lactase. Schweer et al. (2015a) inoculated 
approximately 7 week old pigs with PEDV isolate USA/Iowa/18984/2013 and mounted jejunum 
sections in modified Ussing chambers to assess TER, macromolecule (FITC-Dextran, 4.4 kDa, 
FD4) permeability, and active transport of glucose and glutamine. PEDV did not statistically 
increase FD4 permeability; however, TER was reduced in PEDV pigs compared with naïve 
controls. In the jejunum, activities of lactase, maltase, sucrase, aminopeptidase, and Na+/K+ 
ATPase were not statistically different, but were numerically reduced in PEDV pigs compared 
with naïve controls. In addition, VH:CD was reduced (0.70) compared with naïve controls (1.38). 
Regardless of age-dependency, it is evident that PEDV does alter GIT function and integrity. 
Therefore, diarrhea as a result of PEDV infection may be a caused by both maldigestion and 




As discussed earlier, having well-formed and organized protein-protein interactions 
between cells is associated with high TER and low FD4 macromolecule permeability. The 
reduction in jejunum TER observed by Schweer et al. (2015a) in PEDV infected pigs may be due 
to disorganization or internalization of tight junction proteins, such as claudins and occludins, and 
adherens junction proteins, such as E-Cadherin and catenins, between intestinal epithelial cells. 
Nine-day old nursery pigs were inoculated with PEDV strain PC21A and euthanized at dpi 1, 3, 
and 5 (Jung et al., 2015b). In small intestinal villus epithelial cells, moderate to extensive 
disorganization of ZO-1 and decreased ZO-1 stain intensity was observed at dpi 1, 3, and 5 and 
mild to moderate E-Cadherin disorganization and decreased E-Cadherin stain intensity was 
observed at dpi 1 and 3. Zhao et al. (2014) agrees that PEDV infection results TJ disorganization. 
They observed at 60 minutes post inoculation (mpi), porcine jejunum intestinal cells (IPEC-J2) 
infected with PEDV had reduced TER and reduced ZO-1 abundance compared with control cells. 
In addition, TGEV was capable of decreasing abundance of E-Cadherin, occludin, and ZO-1 60 
mpi in IPEC-J2 cells; however, 24 hpi, TER and TJ protein abundance did not differ from control 
cells (Zhao et al., 2014). The effect of PDCoV infection on TJ protein organization has not yet 
been determined. Disorganization of tight junction proteins during enteric CoV infection likely 
contributes to intestinal barrier dysfunction.   
Intestinal atrophy 
Both PEDV and PDCoV infection result in death of intestinal villus cells (Jung et al., 2014, 
2016a). The mechanism in which cell death occurs however, depends on the virus. Inhibition of 
cell death would be beneficial for virus survival as it is an obligate intracellular parasite; however, 
stimulation of cell death would allow for the virus to be released from the cell and invade 
neighboring cells to further elicit infection. Intrinsic apoptosis, extrinsic apoptosis, and necrosis 
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are methods of cell death that are differentiated by signaling pathways and morphological features 
and are reviewed elsewhere (Galluzzi et al., 2012). In vivo, PEDV has been shown to cause 
necrosis (Jung and Saif, 2015) and apoptosis (Kim and Lee, 2014) in infected intestinal cells; 
however, apoptotic cell death is the method of cell death that is observed in vitro in Vero and swine 
testicular (ST) cells infected with PEDV. Characteristic morphological changes of an apoptotic 
cell include cell shrinkage, DNA fragmentation, and phosphatidylserine (PS) flipping from inner 
to outer membrane leaflet (Chang and Yang, 2000). Apoptosis can be stimulated by both 
extracellular and intracellular signals that typically converge by activation of executioner caspases. 
Kim and Lee (2014) demonstrated that PEDV infection results in DNA fragmentation and PS 
exposure indicating apoptotic pathway. However, this was not dependent on executioner caspases. 
PEDV induced apoptosis was signaled via apoptosis-inducing factor (AIF), a pro-apoptotic protein 
that once released from mitochondria, moves into the nucleus to promote DNA fragmentation and 
eventual cell death. AIF inhibition in vitro resulted in a > 90% decrease PEDV production 
compared with control cells. While evidence is building for PEDV induced apoptosis, it is still 
unclear if PDCoV infected intestinal cells undergo apoptosis or necrosis. In gnobiotic, PDCoV-
infected 11-14-day old pigs, PDCoV antigen was detected via immunofluorescence (IF) in the 
cytoplasm of small intestine epithelial cells from proximal jejunum to ileum with occasional 
staining in duodenum, cecum, and colon (Jung et al., 2016a). One characteristic apoptotic event is 
DNA fragmentation that can be detected by terminal deoxynucleotidyl transferase (TdT) dUTP 
nick-end labeling (TUNEL) assay. Positive TUNEL stain was not observed in any PDCoV 
antigen-positive cell indicating that PDCoV infection did not result in DNA fragmentation and 
thus death was not apoptotic. However, in LLC porcine kidney (LLC-PK) cells and ST cells, 
PDCoV antigen-positive cells were also TUNEL stain positive. Therefore, evaluation of cell death 
15 
 
pathways in vitro may not be the best model for in vivo enteric CoVs infection in vivo. Cell death 
may be beneficial for dissemination of virus and pathogenesis of CoVs, but the result in the host 
is characteristically villus atrophy. 
Intestinal restitution 
Epithelial regeneration 
PEDV infection manifests at different rates and severity in suckling pigs compared with 
weaned pigs (Jung et al., 2015a). One of the possible reasons this occurs is due to the slower rate 
of recovery, i.e., slower turnover of enterocytes in suckling pigs (Moon et al., 1973). Weaned pigs 
have shorter villi and deeper crypts that allow for greater capacity to regain villus height compared 
with suckling pigs. In addition, suckling pigs have longer villi allowing for a greater degree of 
villous atrophy compared with weaned pigs. In adult animals, intestinal stem cells are anchored in 
intestinal crypts and divide approximately every 30 hours (Vidrich et al., 2006). This is a relatively 
slow process considering that differentiated intestinal cells have a lifespan of approximately 3-5 
days (Flier and Clevers, 2009). In order to maintain or build tissue, daughters of stem cells located 
in the transit-amplifying (TA) zone divide every 12-13 hours (Barker et al., 2008). Transit-
amplifying cells can terminally differentiate into two lineages 1) a secretory linage, including 
enteroendocrine cells, Paneth cells and goblet cells, or 2) an absorptive lineage (enterocytes). 
Paneth cells are the only differentiated cell type that remains in the crypts (Booth and Potten, 
2000). While it is generally agreed upon that stem cells must have longevity and multipotency, it 
is debated as exact location of these stem cells and have generated two models: +4 position and 
stem cell zone (Barker et al., 2008). The +4 position places stem cells above Paneth cells that 
reside in the center of the crypt versus the stem cell zone places stem cells intermixed Paneth cells. 
The discrepancy of stem cell identity has mainly been driven by the lack of a unique stem cell 
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marker (Vidrich et al., 2006; Barker et al., 2008). Cell differentiation in the gastrointestinal tract 
is driven by epithelial-mesenchymal crosstalk including several pathways with the major regulator 
of proliferation and differentiation being Wnts as discussed elsewhere (Booth and Potten; McLin 
et al., 2009). 
Jung et al. (2015a) conducted a direct comparison study using 9-day old suckling pigs and 
26-day old weaned pigs inoculated with PEDV strain PC21A and necropsied pigs at 1, 3, and 5 
dpi. These authors used a marker for proliferating intestinal crypt cells, Ki-67 protein, which has 
been previously shown to be an accepted maker of proliferating cells (Scholzen and Gerdes, 2000). 
At dpi 1, 3, and 5, naïve suckling pigs had less staining for Ki-67 in intestinal crypts compared 
with PEDV inoculated suckling and weaned pigs and naïve weaned pigs (Jung et al., 2015a). When 
LGR5 protein, a marker for intestinal stem cells, was stained in the same sections, there was a 
similar trend observed, except that PEDV inoculated suckling pigs were not different from controls 
at 1 dpi for LGR5 stain. Therefore, suckling pigs do have less proliferation, as observed by Ki-67 
stain, and less proliferative potential, as observed by LGR5, compared with weaned pigs. 
However, after PEDV infection, suckling pigs are able to increase proliferation of stem cells and 
potential for proliferation similar to that of a weaned pig by 3 dpi. This is most likely to rebuild 
the tissue mass of the intestinal epithelium that is lost during infection. It is unknown if PDCoV-
infected pigs have differences in intestinal stem cell proliferation or capacity to proliferate 
compared with naïve controls; however, responses similar to PEDV may be observed due 
phenotype similarities (e.g. villous atrophy) with PDCoV (Ma et al., 2015). 
 Goblet cells 
Goblet cells produce mucus that resides above the epithelial layer that aids in lubrication 
and perfusion. Additionally, they produce antimicrobial peptides such as trefoil factors, resistin-
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like molecule β, and Fc-γ binding protein that are involved in recovery of the epithelium, inhibition 
of chemotaxis, and stabilization, respectively (Knoop et al., 2015). However, mucus is the major 
product of goblet cells and is comprised of structural glycoproteins called mucins. Mucins are 
approximately 80% by weight carbohydrates, mainly sialic acid, glactose, fucose, N-
acetylglucosamine, and N-acetylgalactosamine, that are attached to a protein backbone rich in 
serine and threonine (Turck et al., 1993). Mucus is a physical barrier between the lumen and 
epithelial layer that virus, bacteria, and toxins must penetrate in order to access the host. Bacterial 
numbers are low in the distal ileum, approximately 108 bacteria per mL of luminal content and 
increases towards the colon that contains approximately 1011 bacteria per mL of luminal content 
(Ermund et al., 2013). Using explants from mouse small and large intestine, Ermund et al. (2013) 
measured mucus thickness and mucus penetrability with fluorescent beads of similar bacterial size. 
They determined that the proximal colon has greater mucus thickness compared with the distal 
colon (Ermund et al., 2013). The small intestine has an easily removable mucus layer that is more 
penetrable compared with the colon mucus layers. Having a thick layer of mucus in the small 
intestine would not be necessary because there are lower bacterial numbers present. In addition, 
the primary function of the small intestine is to digest and absorb nutrients. Therefore, if the mucus 
layer was too thick, there may be a decreased ability to absorb nutrients. Both host digestive 
enzymes and bacterial enzymes can degrade mucus. However, the composition of mucins may 
result in different susceptibilities to degradation by bacteria (Stanley et al., 1986). 
Mucins can be classified as neutral or acidic with acidic further classified as sulfated 
(sulfomucins) or non-sulfated (sialomucins) based the composition of their oligosaccharides that 
are dependent on glycosyltransferases located in the Golgi membrane that attach sialic acid or 
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sulfates (Deplancke and Gaskins, 2001). Acid and neutral mucins can be visualized in fixed, 
sectioned tissues by light microscopy using alcian blue (AB) stain (pH 2.5) and period acid Schiff 
(PAS) stain, respectively. High iron-diamine (HID) stain with AB stain (pH 1.0) can be used to 
determine and sulfomucins and sialomucins, 
respectively. Oligosacchardies attached to the 
protein backbone are not only sulfated or 
sialated, but usually contain both (Figure 1.4); 
however, the minimum sulfate content needed to 
be detected by HID stain is unknown (Roberton 
and Wright, 1997). Increasing sulfate content in 
the mucus layer has been shown to increase 
viscosity and calcium binding activity in the 
mucus layer (Mian and Kent, 1986). Areas in the 
digestive tract with larger populations of bacteria 
also have a greater presence of sulfomucins. 
Mian et al. (1979) was able to demonstrate the ability of sulfated glycopeptides to inhibit 
neuraminidase activity of Clostridium perfringens most likely by steric hindrance of the sulfate 
groups on the oligopeptides.  
TGEV has been shown to have the ability to bind sialic acid, specifically showing 
preference to N-glycolylneuraminic acid (Schultze et al., 1996). Although the cell receptor for 
TGEV is speculated to be APN, like PEDV, the binding of sialic acid localized to the mucus layer, 
may aid viral entry. Schwegmann-Wessels et al. (2003) proposed that TGEV could bind and 
release sialic acid units in the mucus layer until it was at the plasma membrane where it attaches 
Figure 1.4. Mucin classification (Roberton 
and Wright, 1997).  
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to its cell receptor. Attachment to sialic acid prevented TGEV from being swept away in the lumen 
by peristalsis and made it easier for TGEV to initiate infection. However, infectivity of TGEV due 
to sialic acid binding is strain specific (Schwegmann-Wessels et al., 2011). The co-receptors of 
PDCoV are unknown; however, PEDV co-receptors include constituents of the mucus layer, N-
acetylneuraminic acid and N-glycolylneuraminic acid (Liu et al., 2015). PEDV has been shown to 
reduce goblet cell number 30-72 hpi in gnobiotic pigs compared to controls (Jung and Saif, 2015). 
Futhermore, Jung and Saif (2017) used AB and PAS stain to detect acidic and neutral mucin-
secreting goblet cells, respectively, in the villi and crypts of the jejunum and ileum in 9 day old 
suckling and 26 day old weaned pigs that were naïve or infected with PEDV at 1, 3, and 5 dpi. 
PEDV positive suckling pigs had reduced acidic mucins in the jejunum and ileum, and reduced 
neutral mucins in the jejunum and villi of the ileum at 1 and 3 dpi compared with naïve suckling 
pigs. At 5 dpi, acidic mucins were still reduced in the jejunum and villi of the ileum, but neutral 
mucins were only reduced in the villus of the jejunum and ileum. In contrast, weaned pigs did not 
differ in acidic or neutral mucins at 1 dpi, but both were reduced in jejunum villi at 3 and 5 dpi 
and in the ileum at 5 dpi compared with naïve weaned pigs. This coincided with time points where 
villus atrophy was most severe. It is unknown if the shift in goblet cell mucin composition aids in 
PEDV infection or is a consequence thereof. Further, it is unknown whether or not similar changes 
in goblet cells mucin composition occurs during PDCoV infection. Reduced goblet cell number 
decreases the capacity for mucus production and most likely reduces the thickness of the mucus 
layer. It is unknown how PEDV infection modulates acidic mucin composition, i.e. sialylation or 
sulfation of the mucin oligopeptides. This could possibly modulate the susceptibility of the host to 
a secondary infection be it viral or bacterial (Jung and Saif, 2015).  
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Innate immune response to PEDV and PDCoV 
The immune response can be classified into innate and adaptive immunity which are what 
one is born with and acquired, respectively. Innate immunity has a faster response time compared 
with adaptive immunity, but less specific in recognition. Innate immune cells include 
macrophages, ganulocytes, mast cells, and dendritic cells. Adaptive immune cells include 
lymphocytes, i.e., B cells and T cells. While the aim of this review is not the immune response to 
CoVs by pigs, it will briefly discuss the initial innate immune response. Enteric CoVs first make 
contact with the host via the mucosa (Saif, 1996) that functions to support a symbiotic relationship 
with commensal microorganisms and to prevent pathogen invasion. Recognition of CoVs would 
thereby stimulate synthesis of effector molecules and proliferation of different cell types to fight 
infection and thereby divert energy and nutrients from other systems to support immune function.  
The viral shedding pattern of PEDV in feces has been well documented in suckling and 
weaned pigs. Weaned pigs have been reported to begin shedding PEDV in feces after dpi 1 
(Madson et al., 2014; Jung et al., 2015a; Kim et al., 2015). Kim et al. (2015) observed viral 
shedding in 2 kg BW pigs through dpi 7 compared with Madson et al. (2014) who observed viral 
shedding in 6.5 kg pigs until dpi 24. As with PEDV, PDCoV onset of viral shedding is relatively 
quick (within dpi 0 – 2). In suckling pigs (~2 kg BW), viral shedding was variable where some 
pigs began to shed virus at dpi 2 and others at dpi 5 (Chen et al., 2015). Ma et al. (2015) orally 
inoculated four 10-day old piglets with 106 plaque-forming units (PFU) of PDCoV and observed 
clinical signs of diarrhea at dpi 1, peak viral shedding at dpi 7, and viral persistence in feces through 
dpi 21. Therefore, regardless of age, PEDV presence in feces is relatively quick after inoculation 
and it would be intuitive to think that recognition by the immune system would also be quick.  
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In order to initiate an enteric immune response to viruses, a pathogen must first be 
recognized. Pattern-recognition receptors (PRRs) line epithelial cells and can recognize a variety 
of pathogen-associated molecular patterns (PAMPs). PEDV is detected by Toll-like receptors 
(TLR) 2, 3, and 9 leading to production of pro-inflammatory cytokines that are small molecules 
that aid in cell to cell communication and shaping of the immune response (Cao et al., 2015). TLRs 
3, 7, and 8 are membrane-bound receptors important in sensing of RNA analogs poly(I:C) and 
ssRNA, whereas retinoic acid-inducible gene-1 (RIG-1) like receptor (RLR) senses cytosolic RNA 
(Zhang and Yoo, 2016), all of which are important in host recognition of viruses. Signal 
transduction from these PRRs promote the production of pro-inflammatory cytokines, including 
interferons (IFN). Zhang and Yoo (2016) and Randall and Goodbourn (2008) discuss in detail 
mechanisms by which IFNs can be promoted after pathogen recognition via TLRs.  
In brief, IFNs are a group of cytokines classified into type I (IFN-α/β), type II (IFN-γ), and 
type III (IFN-λ) that bind IFN receptors to begin signal transduction that will result in an antiviral 
state. Monocytes and dendritic cells are a major source of IFN-α/β that are induced directly by 
viral infections. IFN receptors are present on all nucleated cells and once bound, signal via the 
Janus kinase (JNK)-signal transducer and activator of transcription (STAT) pathway (Zhang and 
Yoo, 2016) to promote expression of IFN stimulated genes (ISG). ISGs can also be induced 
independent of IFN induction (Randall and Goodbourn, 2008). Activation of ISGs promotes 
transcription of many genes that promote the antiviral state. One specific gene is not solely 
responsible for the antiviral state, but it is the combination of several genes that all work together 
towards the inhibition of viral replication. Because viruses are obligate intracellular parasites, the 
host responds by inhibiting transcription. Enzymes that are important for the antiviral state include: 
protein kinase R (PKR), 2’5’-oligoadenylate (OAS), and Mx (Randall and Goodbourn, 2008). In 
22 
 
general, these antiviral enzymes inhibit transcription, degrade viral genome, modulate viral 
location within the cell, and stimulate apoptosis, all of which aid in viral clearance. In addition, 
IFN-α/β stimulate major histocompatibility complex I expression and antigen presentation, 
activate dendritic cells, macrophages, and natural killer cells, and aid in recruitment on 
lymphocytes of adaptive immunity (Murphy, 2012).  
Most studies with PEDV and PDCoV have been with naïve pigs and there is little research 
on re-infections with either virus. De Arriba et al. (2002) challenged 11-day old pigs with PEDV 
strain CV777 and detected serum IgA at dpi 15. When these pigs were challenged again 21 days 
post initial inoculation, the animals did not show clinical signs of PEDV. Research in this area is 
beneficial for generation of a vaccine, but is not the aim of this dissertation. 
 
Growth performance during infection 
During an immune challenge, an animal may metabolically reprioritize energy and 
nutrients partitioning away from growth and lean accretion at a time that is typically coupled with 
reduced feed intake. This situation may lead to mobilization of amino acids (AA) and fatty acids 
(FA) from muscle and adipose, respectively, thus altering body composition, to support immune 
function. This review has already discussed the effects of PEDV and PDCoV infection on intestinal 
physiology and enteric innate immune stimulation. It is well established that the activation of the 
immune response leads to decrease in appetite (Johnson, 2002); therefore, it is a logical assumption 
that feed intake would be reduced during periods of pathogen challenges in pigs. Further, pigs 
raised in dirty environments have been shown to have reduced average daily gain (ADG), feed 
conversion, and predicted lean accretion compared to counterparts housed in sanitized 
environments (Williams et al., 1997a, b, c). Interestingly, there are only a few studies that have 
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report on the growth performance of PEDV and PDCoV infected pigs (Kim and Lee, 2014; Chen 
et al., 2015; Ma et al., 2015; Schweer et al., 2015) and there is no information on the long-term 
growth performance and tissue accretion impact PEDV and PDCoV has on growing pigs. Suckling 
3-day old pigs inoculated with PEDV have been reported to have severe reductions in ADG (-18 
g/d) compared to their naïve counterparts (27 g/d) after 7 dpi (Kim et al., 2015). However, pigs at 
approximately 16 kg BW were inoculated with PEDV showed 47% reduction in ADG compared 
with their negative counterparts, but did not lose weight during infection (Schweer et al., 2015b). 
It is also not known whether pigs inoculated with PEDV will exhibit compensatory gain after 
recovery from infection or if and when they will perform similar to naïve counterparts.   
The information on growth performance of pigs inoculated with PDCoV has also been 
minimal, with the only information available being ADG and BW changes. Chen et al. (2015) 
inoculated 5-day old pigs with 10 ml of 3 × 103 TCID50/mL of a cell culture isolate of PDCoV 
(USA/IL/2014). These authors reported that after dpi 4 and 7, PDCoV pigs did not differ in BW 
or ADG compared with naïve counterparts. However, in 10-day old pigs, Ma et al. (2015) observed 
a 10 to 15% reduction in BW of pigs inoculated with 106 PFU of PDCoV, Michigan strain 
compared with naïve pigs after dpi 10. As with PEDV, these differences may be due to differences 
in the strain of PDCoV used, virulence of inoculum, age, genetics, housing conditions, maternal 
antibody titers or health status.  
 The effects of infection on tissue accretion is of particular concern as raising livestock is 
primarily for the production of meat. Tissue accretion is determined by the change in body 
composition (i.e. fat, bone, lean or protein) over time. Methods to determine whole body 
composition include destructive chemical analysis, which is considered the “gold standard” and 
non-destructive methods such as dual x-ray absorptiometry (DXA), which allows for longitudinal 
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assessment of an animal over time with high degree of precision (Suster et al., 2003). There are 
few published studies on the effect of an immune challenge on whole body composition and tissue 
accretion of pigs (Escobar et al., 2002, 2004; Gabler et al., 2013). Escobar et al. (2002, 2004) used 
the serial slaughter technique to determine whole body composition and calculated tissue accretion 
rates. After dpi 7 of PRRSV in 4 week-old pigs, there was a 41 and 63% reduction in protein and 
lipid accretion, respectively, compared with naïve pigs (Escobar et al., 2004). After 80 days of 
PRRSV infection in growing pigs, there was a 14% reduction in lean and protein accretion and an 
18% reduction in fat accretion compared with naïve pigs (Gabler et al., 2013). These studies show 
that PRRSV not only impacts short-term tissue accretion, but also reduces tissue accretion long-
term. The discrepancy between Escobar et al. (2004) and Gabler et al. (2013) is most likely due to 
the duration of the study and the strain of PRRSV. Peak viremia of PRRSV is usually within 7 dpi 
(Johnson et al., 2004; Islam et al., 2013) and reduced feed intake is observed within dpi 0 – 14 
(Schweer et al., 2015b) so one would expect a larger reduction in tissue accretion during a shorter 
time period after onset of infection. It is currently unknown how PEDV and PDCoV effects tissue 
composition or accretion. 
 
Metabolic changes due to health challenges  
As mentioned earlier, PEDV and PDCoV infection reduced pig feed intake. This appears 
to be a motivated response by the animal and not due to fatigue (Johnson, 2002). Murray and 
Murray (1979) conducted a study using mice that were inoculated with Listeria monocytogenes 
and allowed infected mice to eat ad libitum or force-fed infected mice to the control mouse intake. 
Infected mice that consumed ad libitum feed had a 50% survival versus force-fed infected mice 
which had almost 100% mortality. This demonstrated that decreasing feed intake during infection 
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may be an important for survival. Pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, 
and TNF-α, have been shown to reduce appetite (Johnson, 1998). One possible reason as to why 
reducing feed intake is beneficial to the host is by limiting nutrients available in the lumen which 
may be used by harmful parasites (Kyriazakis et al., 1998).  
Reduced feed intake during infection may cause a shift in metabolic processes to 
accommodate the energy and nutrient demand by the immune system. Activation and expansion 
of adaptive immune cells like T and B cells require resources to generate an adequate effector 
response (Newsholme et al., 1985). Although lymphocytes primarily use glucose for their 
production of ATP via glycolysis, glutamine has also been determined to be an important molecule 
for these rapidly dividing cells. Lymphocytes partially oxidize glutamine to form lactate, alanine, 
and aspartate which is similar to the incomplete oxidation of glutamine in other rapidly dividing 
cell types such as enterocytes and colonocytes (Newsholme and Parry-Billings, 1990). Rapidly 
dividing cells utilize incomplete oxidation of glucose and glutamine to generate intermediates for 
purine and pyrimidine synthesis (Newsholme et al., 1985). If complete oxidation of glucose and 
glutamine were used instead of incomplete oxidation, then there would be negative feedback from 
ATP and NAD, respectively. Complete oxidation would thus reduce intermediates for nucleotide 
synthesis. By maintaining incomplete oxidation, the cells are ensuring that there is a constant 
supply of intermediates that would allow for rapid proliferation. 
Enterocytes are rapidly proliferating cells in the small intestine and has a turnover rate of 
approximately 96 hours (Binder, 2012). As determined in rat small intestine, enterocytes use both 
glucose and glutamine for energy production and intermediates for nucleotide synthesis similar to 
immune cells (Windmueller and Spaeth, 1974). In pigs, mostly all dietary L-glutamate is 
metabolized in the gut after absorption and very minimal luminal glutamate is delivered to extra-
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intestinal tissue. This was demonstrated by Reeds et al. (1996) using 2-week old pigs surgically 
fitted with portal and arterial catheters. Pigs were infused radiolabeled L-[U-13C]glutamic acid and 
[2H]phenylalanine after the pig consumed a milk protein-based diet. Arterial blood samples were 
taken at baseline and hourly for 4 hours. Beginning at 5 hours post meal, simultaneous arterial and 
portal blood samples were taken every 15 minutes for 6 hours. The authors concluded that virtually 
no L-[U-13C]glutamic acid reached portal circulation and that there were several molecules 
containing 13C as a result of transamination. This suggests that tissues outside of the GIT need to 
synthesize glutamate de novo most likely from α-ketoglutarate. However, large quantities of 
glutamate may exceed the enterocytes capacity to catabolize and thus, glutamate would enter portal 
circulation (Blachier et al., 2009). In addition, (Windmueller and Spaeth, 1974) conducted 
perfusion studies using rats fasted for 16 hours using similar radiolabeled technology and 
determined that the small intestine was a major user of circulating glutamine as the intestine would 
uptake 25% to 33% of plasma concentrations in a single pass through the intestine during the fasted 
state. The main source of circulating glutamine in these fasted animals was muscle with the kidney, 
brain, and liver contributing minimally (Windmueller and Spaeth, 1974). This suggests that the 
intestine will use glutamine regardless of fasted or fed state. However, it has been repeatedly 
observed in pigs that luminal glutamate is a more important substrate for oxidation compared with 
glutamine (Stoll et al., 1999). This means that glutamate and glutamine may have different 
functions in the splanchnic bed. Glutamine, not glutamate, is a precursor for purine and pyrimidine 
synthesis and can also form N-acetylgalactosame and N-acetylglucosamine for mucin synthesis 
(Blachier et al., 2009).  
Windmueller and Spaeth (1974) estimated in rats that 10% to 15% of glutamine is 
incorporated into protein, 50% to 55% is used for fuel, and the remainder is used to generate 
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dispensable AA, lactate, citrulline, and other components of the TCA cycle. Once inside the 
enterocyte, glutamine converts to glutamate (via glutaminase) and then can be catabolized via 
transamination by several different enzymes to result in the α-keto acid: α-ketoglutarate. As 
mentioned before, the intestine has a rapid turnover rate and therefore, has a high demand for 
energy and nutrients. Although gastrointestinal mass is relatively small compared to whole body 
mass, it represents approximately 20% of the entire body’s oxygen consumption (Vaugelade et al., 
1994).  
As discussed prior, during PEDV infection, intestinal stem cells are increasing proliferation 
and capacity to proliferate by increasing crypt depth. The rapid proliferation of stem cells requires 
energy and nutrients to regenerate intestinal mass lost during enteric infection. One of the main 
pathways involved in protein synthesis is the mammalian target of rapamycin (mTOR) pathway. 
This pathway is regulated by many inputs including energy and amino acid status, stress, and 
growth factors. Two proteins downstream of mTOR that are thought to be involved in the initiation 
of protein synthesis are p70s6k and its downstream target ribosomal protein S6. Rhoads et al. (2007) 
conducted a 2 × 2 factorial study with newborn pigs inoculated or not with porcine rotavirus and 
fed formula or 50% diluted formula. Porcine rotavirus causes malabsorptive diarrhea showing 
similar clinical signs as PEDV in young pigs. The authors determined protein abundance of total 
and phosphorylated p70S6K in jejunum and incorporation of [3H]phenylalanine in jejunal explants 
to evaluate protein synthesis. They found that rotavirus infection significantly increased 
incorporation of [3H]phenylalanine and phosphorylation/activation of p70S6K in jejunum 
regardless of feeding level. To evaluate regulation of protein synthesis in both pig jejunum and 
muscle during rotavirus infection, Rhoads et al. (2007) determined protein abundance of total and 
phosphorylated ribosomal S6. They found that during rotavirus infection, total and phosphorylated 
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ribosomal S6 protein abundance was increased in the intestine whereas it was reduced in skeletal 
muscle. Therefore, protein synthesis may be reduced in muscle but increased in small intestine 
during viral enteritis to account for the proliferative demands of intestinal stem cells.  
Muscle protein accretion is an 
important aspect for animal production as 
livestock are raised for the production of meat. 
Protein accretion occurs when protein 
synthesis rates are greater than the rate of 
protein degradation. During infection, we have 
already reviewed that feed intake is reduced 
and protein synthesis rates were reduced in 
skeletal muscle of rotavirus infected mice. In 
addition, protein synthesis is increased in liver 
to accommodate for the production of acute-
phase proteins, i.e. serum amyloid A, C-
reactive protein, fibrinogen, and mannose-
binding lectin which are important in activation 
of complement to rid the body of pathogens 
(Murray and Murray, 1979). Acute phase 
proteins are produced by the liver in response to stimulation by pro-inflammatory cytokines, IL-6, 
IL-1β, and TNF-α, that are produced from macrophages upon pathogen recognition (Colditz, 
2002). Klasing (1988) summarized the effects of these pro-inflammatory cytokines on several 
aspects of metabolism in chickens (Table 1.1) which include skeletal muscle degradation.  
Table 1.1. Summary of metabolic effects of 
pro-inflammatory cytokines IL-6, IL-1β, and 
TNF-α (Klasing, 1988). 
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Overall, immune activation requires energy and nutrients for the extensive proliferation of 
immune cells during a time of reduced feed intake. Therefore, energy and nutrient reserves within 
the body are catabolized in order to meet the demand of the immune system if dietary intake does 
not meet those needs. It is unknown how PEDV and PDCoV affect skeletal muscle protein 
synthesis or degradation or metabolism in skeletal muscle or liver.  
 
Conclusions 
In conclusion, enteric coronaviruses antagonize pig production in terms of morbidity and 
mortality. The degree of impact is generally dependent on age, prior exposure, virus strain, etc. 
Although clinical signs and molecular characteristics of PEDV and PDCoV have been well 
documented, there is still little information on how these viruses impact growing pigs’ intestinal 
integrity and function, growth performance, and whole body metabolism. Furthermore, most 
studies that have been conducted to assess some of these parameters have been done in suckling 
pigs during peak infection. It is important to understand the impact of these viruses not only during 
peak infection, but also after recovery. With this understanding, targeted mitigation strategies, i.e. 
nutrition or vaccination, can be implemented. Based on this literature review, this dissertation will 
focus on:  
1) Longitudinal characterization of growth performance and tissue accretion in nursery 
pigs inoculated with PEDV or PDCoV,  
2) Intestinal integrity and function of nursery pigs experimentally infected with PEDV, and  
3) Liver and skeletal muscle metabolic adaptation to PEDV in nursery pigs.   
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This dissertation will provide information needed for understanding CoV pathogenesis and 
the effect on energy and nutrient metabolism in order to better formulate and administer dietary 
interventions. 
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Abstract 
Porcine epidemic diarrhea virus (PEDV) and porcine deltacoronavirus (PDCoV) are 
members of the family Coronaviridae which induce clinical signs of diarrhea, dehydration, and 
mortality. Most research has been focused on isolation, genome sequencing, pathogenicity, and 
virulence of these viruses, but there is little information on long-term growth performance and 
tissue accretion of pigs infected with PEDV or PDCoV. Therefore, our objective was to determine 
the effect of PEDV or PDCoV infection on growth performance and tissue accretion over 42 d 
following inoculation. A total of 75 Choice Genetics Large White Pureline barrows and gilts (BW 
= 10.81 ± 0.81 kg) at approximately 2 weeks post-wean and naïve for PEDV and PDCoV were 
selected.  Pigs were allotted based on BW and sex, stratified across 3 treatments with 8 pens per 
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treatment. Treatments were: 1) Control (n = 8); 2) PEDV inoculated (n = 8); and 3) PDCoV 
inoculated (n = 8). On day post inoculation (dpi) 2, 5, 7, and 14 pigs were euthanized for tissue 
collection and analyses from these tissues are discussed elsewhere. Pen feed intake and BW were 
recorded on dpi 2, 5, 7, and weekly thereafter until dpi 42. On one designated pig per pen, initial 
and final body composition was determined using dual-energy X-ray absorptiometry (DXA) and 
tissue accretion rates were calculated over 6 week test period. Peak PEDV infection was noted at 
3 dpi compared with 4 dpi for PDCoV pigs as determined by fecal swab quantitative real-time 
PCR (RT-PCR). Control pigs remained negative for PEDV and PDCoV throughout the 
experiment. Overall, Control and PDCoV pigs did not differ in ADG, ADFI or G:F (P > 0.05). 
Compared to Control and PDCoV pigs, the overall 42 d ADFI was reduced in the challenged 
PEDV pigs (P < 0.05) by 19 and 27%, respectively.  PEDV did not significantly reduce the overall 
ADG or G:F compared with Control and PDCoV pigs; however, the biggest reduction in ADG 
and ADFI for PEDV pigs was within 14 dpi compared to the Control pigs (P < 0.05).  Whole body 
tissue accretion was altered due to PED, with fat, lean, protein, and bone mineral accretion 
reductions by 24, 20, 21, and 42%, respectively (P < 0.05) compared with Control pigs. Overall, 
nursery pig performance was greatly impacted by PEDV challenge. Surprisingly, the PDCoV 
challenge did not negatively influence nursery pig performance. This study provides further insight 
into the longitudinal impact swine enteric coronaviruses have on growing pigs. 
 
Introduction 
In every stage of production pigs can encounter pathogens that may cause detrimental 
effects on growth performance and health. In the U.S., 2 newly-emerged enteric pathogens which 
compromise health and production are porcine epidemic diarrhea virus (PEDV) and porcine 
44 
 
deltacoronavirus (PDCoV). Both of these RNA viruses are of the Coronaviridae family (Woo et 
al., 2012) that infect enterocytes of the gastrointestinal tract. In April 2013, PEDV was first 
identified in the U.S. (Stevenson et al., 2013) with clinical signs including diarrhea, dehydration, 
anorexia, and mortality. Severe clinical signs and mortality have been primarily observed in 
suckling pigs (Stevenson et al., 2013); however, PEDV clinical signs are also observed in weaned 
pigs with varying levels of morbidity (Madson et al., 2014) in experimental conditions. In February 
2014, PDCoV was first detected in the U.S. and was shown to be related to 2 Chinese strains with 
clinical signs of diarrhea in sows and piglets and mortality in piglets (Wang et al., 2014). The 
majority of research on PDCoV has focused on etiology, propagation in cell culture, and genome 
sequencing (Woo et al., 2012; Wang et al., 2014; Chen et al., 2015; Hu et al., 2015; Jung et al., 
2015c; Ma et al., 2015; Homwong et al., 2016); however, little research is available on the effect 
of PDCoV on growth performance.  
There is a perception that PEDV occurrences are declining and is mainly an issue for 
neonatal pigs, but there are still new cases of PEDV and PDCoV are occurring (USDA, 2016). 
Interestingly, the long-term effects of PEDV and PDCoV on pig performance and lean tissue 
accretion have not been reported. Such research can provide critical information as to how long it 
takes infected pigs to recover from either virus infection, and how the infection affects overall lean 
accretion. Therefore, our objective was to compare and determine how these 2 coronaviruses 
modulate nursery pig growth performance and tissue accretion rates over a 6 week period. 
 
Materials and methods 
The Institutional Animal Care and Use Committee at Iowa State University (Ames, IA) 
approved all experimental protocols (IACUC# 11-14-7903-S). 
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Animals, housing, experimental design, and diets 
A total of 75 maternal line Choice Genetics Large White Pureline Line 3 barrows and gilts 
(BW = 10.81 ± 0.81 kg) at approximately 2 weeks post-wean and naïve for PEDV and PDCoV 
were selected, weighed, and allotted to treatments.  
Pigs were allotted based on BW and sex across 3 treatments with 8 pens per treatment for 
a 42 d test period. Each pen had 2-5 pigs per pen. Treatments were: 1) Control (n = 8); 2) PEDV 
inoculated (n = 8); and 3) PDCoV inoculated (n = 8). Inoculum of PEDV was administered as 
previously described (Madson et al., 2014).  Pen feeder weights and BW were recorded on day 
post inoculation (dpi) 0, 2, 5, 7, and weekly thereafter until dpi 42. Over the first 2 weeks, pigs 
were sequentially removed from each pen on dpi 2, 5, 7, and 14 and euthanized for tissue collection 
in order to study the pathogenesis of these viruses. This analyses will be discussed elsewhere. 
From dpi 14 – 42, there was one pig per pen. 
All pigs were fed the same corn-soybean meal diet that was formulated to meet or exceed 
the NRC (2012) requirements for nutrients and energy (Table 2.1). Pigs were allowed free access 
to feed and water. The diet was analyzed (Table 2.1) for DM by oven drying at 135°C for 2 h 
(method 930.15; AOAC Int., 2007), concentration of CP was calculated by analyzing N content 
via a TruMac N (LECO Corporation, St. Joseph, MO) and gross energy using bomb calorimetry 
(Oxygen Bomb Calorimeter 6200, Parr Instrument Company, Moline, IL). Benzoic acid was used 
as the standard for bomb calorimeter calibration. 
Inoculation and Sample Collection 
On dpi 0, PEDV pigs were inoculated with 5 ml of 103 tissue culture infectious dose 
(TCID)50/ml PEDV isolate (US/Iowa/18984/2013) via intragastric gavage as previously described 
(Hoang et al., 2013; Madson et al., 2014). For PDCoV pigs, plaque-cloned PDCoV isolate 
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(US/Iowa/25573/2014) from a naturally infected sow showing clinical signs of diarrhea was used. 
The pigs received 5 ml of the virus at a rate of 103 TCID50/ml via intragastric gavage. Individual 
pig fecal swabs were taken daily for the first week to determine virus shedding in the feces (Table 
2.2). Fecal swabs were subjected to normal diagnostic process via quantitative real-time PCR (RT-
PCR) testing for PEDV and PDCoV.  
Fecal swabs were processed on the day of collection. In brief, fecal swabs were added to 2 
ml of PBS (pH 7.4) without calcium and magnesium (GIBCO/Fischer Scientific, Pittsburg, PA, 
USA). Samples were vortexed, centrifuged, and the supernatant was collected and stored at -80°C. 
Viral RNA was extracted using the MagMAX Viral RNA Isolation Kit (Life Technologies/Fisher 
Scientific, Pittsburg, PA, USA) using the manufacturer’s instructions for high-volume extraction. 
Reverse transcription quantitative PCR was performed as previously described (Madson et al., 
2014) with viral standards of known infectivity titers for quantification. A cycle threshold (Ct) less 
than or equal to 37 was considered positive for virus, 38-39 was considered suspect, and greater 
than or equal to 40 was considered negative. 
Whole body composition and tissue accretion 
One pig per pen was designated for longitudinal assessment of body composition at dpi -3 
and at the end of the study (dpi 42). These 24 pigs were selected based on the average BW. This 
initial and final whole body composition was assessed using non-destructive dual-energy X-ray 
absorptiometry (DXA; Hologic Discovery A, Bedford, MA) as previously described (Suster et al., 
2003). Briefly, all pigs were fasted overnight prior to scanning and the designated 24 body 
composition pigs were then removed from their pens, anesthetized via intramuscular injection with 
telazol:ketamine:xylozene (2:1:2; 4.4 mg/kg BW and 2.2 mg/kg BW, respectively) at a dosage rate 
of 1 ml per 45.5 kg BW. Anesthetized pigs were placed on the DXA scan table in sternal 
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recumbancy with fore and hind legs extended. Once scanned, pigs were allowed to recover and 
then returned to their pens.  The DXA output provided information on whole body bone, fat, and 
lean tissue mass. Scan data was corrected for gut fill and blood volume using internally built 
calibration curves for pigs using the following regressions: Live weight, y = 1.0822x-1.826, R2 = 
0.9970; Fat, y = 0.9515x-1.06, R2 = 0.9308; Bone mineral ash, y = 2.1473x-0.1411, R2 = 0.9219; 
Lean, y = 1.0668x-0.1411, R2 = 0.9909; Protein, y = 0.2206x-0.6611, R2=0.9758; where x = DXA 
results and y = chemical proximate on an empty whole body (i.e. no luminal, urine or gall bladder 
contents). These calibration curves where built as described by Suster et al., (2003). 
Calculations and Statistical Analysis 
Weekly ADG, ADFI, and G:F were calculated using weekly pen feed intake and BW. The 
accretion rates (g/d) for whole body lean, protein, fat, BW, bone mineral density (BMD) and bone 
mineral content (BMC) were calculated by the following formula:  
g/d = (corrected final scan measurement – corrected initial scan measurement) 
       days between scans 
Data were analyzed using the MIXED procedure in SAS (SAS Institute Inc., Cary, NC). 
Pen was the experimental unit for all growth performance parameters. The model included 
treatment as fixed effect and start BW was used as a covariate. Pig was used as the experimental 
unit for body composition and tissue accretion analysis. The model included treatment as fixed 
effect. Least square (LS) means of treatments were determined using the LSMeans statement and 
differences in LS means were produced using the pdiff option. Data are reported as LS means 
estimates with a pooled SEM. A P-value of 0.05 or lower was used to assess significance and a P-
value less than 0.10 was considered a tendency. 
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Change in BW was plotted as a scatter plot using SGPLOT procedure, with regression of 
the change in BW over time (dpi) with 95% confidence limit around the mean BW per treatment. 
Predicted BW change per treatment group was determined using the MIXED procedure. The 
model included treatment and dpi as fixed effects. Pig nested within treatment was used in the 
repeated statement using spatial power covariance structure. Predicted means were plotted using 
the SGPLOT procedure regressing the treatment predicted means over time (dpi).  
 
Results 
A common diet was fed to all treatments and was formulated to contain 21.13% CP, 3,388 
ME (kcal/kg), and 1.33% SID Lys on an as-fed basis. The analyzed diet was 95.21% DM, 21.38% 
CP, and 4,030 gross energy (kcal/kg). 
Control pigs were negative for PEDV and PDCoV for the entire duration of the study and 
performed similarly to the predicted performance for similar BW and high health pigs (NRC, 
2012). The NRC predicts ADG and ADFI to be 0.59 kg and 0.95 kg, respectively for pigs weighing 
11-25 kg, which is similar to the overall Control pig performance. Pigs inoculated with PEDV 
were confirmed positive via RT-PCR on dpi 1 and continued shedding virus though dpi 5, but were 
negative for PEDV from dpi 6 through the end of the study (Table 2.2). Pigs inoculated with 
PDCoV became suspect for virus via RT-PCR on dpi 2, were confirmed positive on dpi 3, and all 
pigs were negative on dpi 6. From this study, PEDV and PDCoV pigs had the highest rate of 
infection on dpi 3 as indicated by the greater amount of positive pigs out of total pigs sampled.  
There was a tendency (P = 0.091) for start BW to be different among treatments; therefore, start 
BW was used as a covariate for all growth performance data (Table 2.3). Pigs inoculated with 
PEDV weighed 15% and 18% less (P = 0.012) at the end of 42 d compared with Control pigs and 
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PDCoV pigs, respectively, which were not different from each other. From dpi 0 – 7, PEDV pigs 
had significantly reduced (P < 0.05) ADG and G:F (78 and 58%, respectively) compared with 
Control pigs and had a 32% reduction (P = 0.013) in ADFI compared to PDCoV pigs. However, 
pigs inoculated with PDCoV were able to maintain similar (P > 0.05) ADG, ADFI, and G:F to 
Control pigs from dpi 0 – 7.  
From dpi 8 – 14, PEDV pigs had a 30% reduction (P = 0.019) in ADFI compared with 
PDCoV pigs, but were similar to Control pigs. In contrast, pigs inoculated with PDCoV consumed 
27% more feed per d compared with Control pigs. However, all treatments had similar (P > 0.05) 
G:F from  dpi 8 – 14. From dpi 15 – 21, pigs inoculated with PDCoV had a 37% reduction in G:F 
compared with Control and PEDV pigs, which were not statistically different from each other. 
Weekly performance from 22 – 42 dpi, showed no difference (P > 0.05) in ADG, ADFI, and G:F 
among treatment groups. From 0 – 42 dpi, pigs inoculated with PEDV had a 19 and 27% reduction 
(P = 0.011) in ADFI compared with Control and PDCoV pigs, respectively. The overall reduction 
in ADFI is primarily driven by the reductions in ADFI and feed efficiency during dpi 0 – 7 which 
agrees with the peak impact of PEDV being within dpi 0 – 7 as indicated by number of positive 
pigs for fecal viral shedding. The rate of BW change was plotted over the 42 d period (Figure 2.1). 
The rate was similar for Control and PDCoV pigs; however, the rate of BW change was visibly 
decreased for PEDV pigs.  
There was no difference (P > 0.05) in initial body composition among pigs including: fat, 
lean, lean to fat ratio, BW, BMC, and BMD (Table 2.4). Pigs inoculated with PEDV had a 22 and 
27% reduction (P = 0.018) in final whole body fat mass compared with Control and PDCoV pigs, 
respectively, which were not different from each other. Similarly, PEDV pigs had a 15 and 17% 
reduction (P = 0.012) in final whole body lean mass compared with Control and PDCoV pigs, 
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respectively, which were not different form each other. There was a tendency (P = 0.056) for 
PEDV pigs to have greater lean to fat ratio compared with PDCoV pigs, but were not different 
from Control pigs. The DXA predicted BW reported a 16 and 18% reduction (P = 0.012) in final 
BW for PEDV pigs compared with Control and PDCoV pigs, respectively. Similar trends were 
observed for final whole body protein mass, final BMC, and final BMD where PEDV pigs had 
less final whole body protein mass (P = 0.013), final BMC (P = 0.034), and final BMD (P = 0.029) 
compared with Control and PDCoV pigs. 
Whole body protein accretion rates (Table 2.4) of Control pigs (104.5 g/d) was similar to 
that estimated for this size pig by the NRC (2012) modeling at 105 g/d. Pigs inoculated with PEDV 
had a 24 and 28% reduction (P = 0.034) in whole body fat accretion compared with Control and 
PDCoV pigs, respectively, which were not different from each other. In PEDV pigs, whole body 
lean and protein accretion was reduced (P = 0.015) by 20 and 21% compared with Control and 
PDCoV pigs, respectively, which did not differ from each other. The DXA predicted whole body 
accretion rates were similar to scale based overall ADG as reported in Table 2.3 (Controls 0.73 vs 
0.73 kg/d; PEDV 0.58 vs 0.64 kg/d; and PDCoV 0.73 vs 0.73 kg/d, respectively). For PEDV pigs, 
the whole body accretion rate were 20 and 21% less than Control and PDCoV pigs, respectively 
which was similar to the scale-based reduction in overall ADG of 16 and 18%, respectively. 
 
Discussion 
Pigs that have poor health status or are raised in conditions of high pathogen loads have 
antagonized growth performance. This is evident in work by Williams et al. (1997a, b, c), in which 
grow-finish pigs raised in unsanitary conditions have reduced ADG, G:F, and predicted lean 
accretion. Further, Escobar et al. (2004) showed that nursery pigs challenged with porcine 
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reproductive and respiratory syndrome virus (PRRSV) had profoundly impacted whole body 
protein accretion. This was particularly evident in the first week of PRRSV infection where whole 
protein accretion is impeded up to 60% from negative pigs and up to 33% in week 2 (Escobar et 
al., 2004). In weaned pigs, PRRSV infection has also been shown to decrease ADFI and G:F ratios 
within the first 14 dpi compared with negative pigs (Rochell et al., 2015). Interestingly, there are 
limited data showing the extent to which enteric pathogens alter pig feed efficiency, body 
composition, and tissue accretion rates. 
  Enteric viruses infect the gastrointestinal tract typically causing clinical signs of diarrhea 
and dehydration with varying degrees of morbidity, and mortality. These clinical signs may be due 
to altered digestive function and gut integrity. Nursery pigs infected with PEDV have been shown 
to have decreased brush border digestive enzymes (Jung et al., 2006) and redistribution of tight 
junction proteins zona-occludin 1 and E-cadherin (Jung et al., 2015b). In addition, growing pigs 
inoculated with PEDV showed increased permeability and decreased intestinal integrity in the 
jejunum as indicated by increased FITC-dextran permeability and decreased transepithelial 
electrical resistance, respectively, compared with negative pigs (Schweer et al., 2015). These 
changes at the gastrointestinal tract level are evident during periods of high pathogen load; 
however, the long-term impacts on growth performance and lean accretion have not been reported.  
The viral shedding pattern of PEDV observed in this study was as expected in this age pig and is 
consistent with previous literature that reports viral shedding after dpi 1 (Madson et al., 2014; Jung 
et al., 2015a; Kim et al., 2015). Kim et al. (2015) observed viral shedding through dpi 7 compared 
with Madson et al. (2014) who observed viral shedding until dpi 24; however, pigs were different 
sizes, 2 kg and 6.5 kg, respectively and inoculum dose and strain differed between studies. As with 
PEDV, PDCoV onset of viral shedding is relatively quick (within dpi 0 – 2). The viral shedding 
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period in PDCoV pigs was 3 d and fairly consistent among pigs. In suckling pigs (~2 kg BW), 
viral shedding was variable where some pigs began to shed virus at dpi 2 and others at dpi 5 (Chen 
et al., 2015). Ma et al. (2015) orally inoculated four 10 d-old piglets with 106 plaque-forming units 
(PFU) of PDCoV and observed clinical signs of diarrhea at dpi 1, peak viral shedding at dpi 7, and 
viral persistence in feces through dpi 21. Pigs in this study had an average start BW of 10.81 kg 
and may have had a more developed immune system (Annamalai et al., 2015) compared with 
younger pigs used in aforementioned studies and variability in age, genetics, health status, diet, 
inoculum strain virulence, inoculum dose, and housing conditions, etc., may influence viral 
shedding among studies.    
Pathogens can be recognized by macrophages which respond by secreting cytokines to 
initiate an immune response and cytokines such as interleukin (IL)-1β, IL-6 and tumor necrosis 
factor (TNF)-α have been shown to decrease appetite (Johnson, 1998). This information, along 
with published performance data of PEDV and PDCoV infected pigs (Kim and Lee, 2014; Chen 
et al., 2015; Ma et al., 2015; Schweer et al., 2015), led us to expect a reduction in ADG, ADFI, 
and G:F in pigs inoculated with either PEDV or PDCoV. Pigs inoculated with PEDV have been 
reported to have severe reductions in ADG (-18 g/d) compared to their negative counterparts (27 
g/d) after 7 dpi (Kim and Lee, 2014). In pigs that were similar in size to our current study and 
inoculated with the same PEDV strain, there was a 29% decrease in ADFI for PEDV pigs 
compared with negative pigs (Schweer et al., 2015) which was similar to the 23% reduction during 
dpi 0 – 7 which was not statistically significant in the current study. However, this paper reported 
a 47 and 28% reductions in ADG and G:F, respectively, of pigs inoculated with PEDV which was 
less than our observed reduction of 78 and 58%, for ADG and G:F, respectively, during dpi 0 – 7. 
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Although we observed a decrease in feed efficiency from dpi 0 – 7, we did not observe an overall 
effect of PEDV on 42 d feed efficiency.  
To our knowledge, feed intake and feed efficiency of pigs inoculated with PDCoV has not 
been published. However, there have been reports of ADG and BW changes due to PDCoV 
challenges. Chen et al. (2015) inoculated 5 d-old pigs with 10 ml of 3 × 103 TCID50/mL of a cell 
culture isolate of PDCoV (USA/IL/2014), and reported that after dpi 4 and 7, PDCoV pigs did not 
differ in BW or ADG compared with negative pigs. However, in 10 d-old pigs, Ma et al. (2015) 
observed a 10 to 15% reduction in BW of pigs inoculated with 106 PFU of PDCoV, Michigan 
strain compared with negative pigs after dpi 10. We did not observe a difference in ADG or G:F 
of PDCoV pigs compared with Control pigs. As with PEDV, these differences may be due to strain 
of PDCoV used, virulence of inoculum, age, genetics, housing conditions, or health status. For 
both PEDV and PDCoV, we did not observe any differences in growth performance after dpi 21 
compared with Control pigs. This indicates that pigs infected with either of these viruses at this 
BW can recover and begin to perform similar to their negative counterparts. However, the initial 
impact of PEDV on ADFI and ADG will increase the number of d to reach a desirable final market 
weight compared to negative pigs.  
 The data herein is the first report on whole body tissue accretion rates of pigs inoculated 
with PEDV and PDCoV that we are aware of. In our study, we determined that PEDV decreased 
lean, protein, fat, and BMC accretion compared with Control pigs over a 6 week period, but 
PDCoV did not differ from the Control pigs. There are few published studies on the effect of an 
immune challenge on whole body composition and tissue accretion of pigs (Escobar et al., 2002; 
Escobar et al., 2004; Gabler et al., 2013). Escobar et al. (2002 and 2004) used the serial slaughter 
technique to determine whole body composition and calculated tissue accretion rates. After 7 d of 
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PRRSV infection in 4 week-old pigs, there was a 41 and 63% reduction in protein and lipid 
accretion, respectively, compared with negative pigs (Escobar et al., 2004). After 80 d of PRRSV 
infection in pigs (start BW = 33 kg), there was a 14% reduction in lean and protein accretion and 
an 18% reduction in fat accretion compared with negative pigs (Gabler et al., 2013). These studies 
show that PRRSV not only impacts short-term tissue accretion, but also reduces tissue accretion 
long-term. Peak viremia of PRRSV is usually within 7 d after inoculation (Johnson et al., 2004; 
Islam et al., 2013) and reduced feed intake is observed within dpi 0 – 14 (Schweer et al., 2015) 
which may explain a bigger reduction in tissue accretion during a shorter time period after onset 
of infection. During an immune challenge, there is a demand for energy and nutrients at a time that 
is coupled with reduced feed intake. This situation may cause mobilization of AA and FA from 
muscle and adipose, respectively, thus altering body composition. Pigs inoculated with PEDV had 
severe reductions in ADFI within and began to perform similar to Control pigs after dpi 21, but 
we still observed reductions in tissue accretion over 42 d for PEDV pigs.  
 The observed decrease in protein accretion for PEDV compared with Control pigs may be 
due to overall decreased feed intake and thus, energy and AA are repartitioned in different tissues 
in the body. In 26-d old pigs, immune stimulation, as initiated by lipopolysaccharide (LPS) 
injection, increased circulating total AA concentrations during the fasted state (Orellana et al., 
2012). In rotavirus-infected pigs, total circulating AA concentrations were also increased during 
the fed state (Rhoads et al., 2007). Increasing circulating AA concentration during an immune 
stimulation indicates that the body is repartitioning its AA pool to tissues in need of AA and one 
of the major AA pools in the body is muscle. In fasted 7-d and 26-d old piglets, LPS injection was 
used to determine severity of muscle degradation during systemic inflammation (Orellana et al., 
2012). Despite the high protein turnover rate in 7-d old piglets compared with 26-d old piglets 
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(Davis and Fiorotto, 2009), both age groups had increased abundance of proteins involved with 
skeletal muscle degradation including: NF-κB, caspase 3, AMPK, E3 ligases (MuRF1 and 
atrogin1), and cleaved α-actin, a result of muscle proteolysis. 
Enteric infections have been shown to modulate protein synthesis machinery in a tissue 
dependent manner (Rhoads et al., 2007). One of the main pathways involved in protein synthesis 
is the mammalian target of rapamycin (mTOR) pathway. This pathway is regulated by many inputs 
including energy and amino acid status, stress, and growth factors. Two proteins downstream of 
mTOR that are thought to be involved in the initiation of protein synthesis are p70s6k and its 
downstream target ribosomal protein S6. In rotavirus-challenged 4-d old pigs, protein abundance 
of total and activated (phosphorylated) p70S6K were increased during peak infection in the jejunum 
compared to negative pigs (Rhoads et al., 2007). In that study, another group of pigs was rotavirus-
infected and malnourished by diluting the complete formula by 50% with an electrolyte solution. 
Regardless of having reduced energy intake, the malnourished-infected pigs also had increased 
protein abundance of total and activated (phosphorylated) p70S6K in the jejunum. However, in the 
muscle of both infected groups, there was a reduction of total S6 protein during peak infection 
compared to healthy controls. A reduction in protein synthesis in the muscle agrees with the current 
study that there was a decrease in protein accretion in PEDV pigs. The degradation occurring in 
the muscle most likely is due to the increased demand of AA in the intestine to aid in recovery of 
the epithelium. This indicates that the effects of enteric challenges are not driven by reduced feed 
intake alone, but there are post-absorptive changes during an enteric challenge that can lead to 
changes in body composition due to metabolic shifts within tissues.    
 In conclusion, reductions in tissue accretion and feed intake appear to be pathogen specific. 
We determined that overall 6 week reductions in tissue accretion and ADFI were only observed in 
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PEDV, but not in PDCoV inoculated pigs.  We could not determine from this study if the reduction 
in tissue accretion is primarily driven by the reduction in feed intake, changes in digestibility, or 
other modifications to post-absorptive metabolism resulting from the PEDV challenge itself. 
Regardless, the energy and AA requirements of health-challenged pigs may be different from their 
healthy counterparts during infection and warrants further investigation. 
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Table 2.1. Diet composition, as-fed basis 
Ingredient %, as-fed 
Corn 60.93 
Soybean meal, 48% CP 30.00 
Corn DDGS1 5.00 
Soybean oil 1.00 
Limestone 0.94 
L-lysine HCl 0.50 
Sodium chloride 0.35 
Vitamin-mineral pre-mix2 0.30 
Monocalcium phosphorous, 21% 0.55 
Heat stable Optiphos 20003 0.02 
L-Threonine 0.22 
DL-Methionine 0.19 
Calculated composition  
  CP, % 21.13 
  ME, kcal/kg 3,388 
  NE, kcal/kg 2,433 
  Lys, SID4 % 1.33 
  Lys, total % 1.48 
Analysis  
  DM, % 95.21 
  CP, % 21.38 
  GE, kcal/kg 4,030 
1DDGS = distiller’s dried grains with solubles.  
2Premix supplied (per kg of diet): 8,820 IU vitamin A, 1,653 IU vitamin D3, 33.1 IU vitamin E, 
4.4 mg vitamin K, 6.6 mg riboflavin, 38.9 mg niacin, 22.1 mg pantothenic acid, 0.04 mg vitamin 
B12, 1.1 mg I as potassium iodide, 0.30 mg Se as sodium selenite, 60.6 mg Zn as zinc oxide, 36.4 
mg Fe as ferrous sulfate, 12.1 mg Mn as manganous oxide, and 3.6 mg Cu as copper sulfate. 
3Huvepharma Inc., Peachtree City, GA.  




Table 2.2. Viral presence in feces of nursery pigs inoculated with porcine epidemic diarrhea virus 
(PEDV) or porcine deltacoronavirus (PDCoV)1. 
 dpi2 
Item 1 2 3 4 5 
Cycle threshold3     
  Control 40.00 40.00 40.00 40.00 40.00 
  PEDV 34.73 31.98 30.12 27.49 27.86 
  PDCoV 40.00 39.07 32.98 38.43 39.91 
Positive pigs/total pigs     
  Control 0/25 0/25 0/21 0/21 0/21 
  PEDV 8/25 12/25 16/20 14/20 13/20 
  PDCoV 0/25 2/25 14/21 5/21 0/21 
1Average cycle threshold of all pigs on test pigs. Positive pigs/total pigs represent pigs with Ct ≤ 
37 that were positive for PEDV or PDCoV out of the total number of pigs sampled.   
2dpi = day post inoculation.  




Table 2.3. Overall and weekly growth performance in Controls and pigs inoculated with porcine 
epidemic diarrhea virus (PEDV) or porcine deltacoronavirus (PDCoV) over a 42 d period. 
 Treatment  P-value 
Item Control PEDV PDCoV SEM TRT 
Start BW, kg 11.06 9.71 11.65 0.605 0.091 
End BW, kg 41.89a 35.39b 43.39a 1.804 0.012 
dpi 0 – 71      
  ADG 0.49a 0.11b 0.44a 0.038 <0.001 
  ADFI 0.62ab 0.48b 0.71a 0.047 0.013 
  G:F 0.71a 0.13b 0.68a 0.075 <0.001 
dpi 8 – 14       
  ADG 0.60 0.55 0.64 0.054 0.565 
  ADFI 0.69b 0.66b 0.94a 0.058 0.019 
  G:F 0.88 0.86 0.68 0.089 0.308 
dpi 15 – 21       
  ADG 0.79 0.69 0.58 0.076 0.144 
  ADFI 1.19 1.06 1.34 0.104 0.211 
  G:F 0.67a 0.67a 0.42b 0.045 0.002 
dpi 22 – 28       
  ADG 0.80 0.74 1.01 0.108 0.197 
  ADFI 1.29 1.15 1.49 0.122 0.173 
  G:F 0.62 0.68 0.70 0.085 0.807 
dpi 29 – 42       
  ADG 0.86 0.80 0.87 0.043 0.493 
  ADFI 1.77 1.72 1.82 0.138 0.873 
  G:F 0.50 0.48 0.48 0.040 0.781 
Overall (dpi 0 – 42)     
  ADG 0.73 0.64 0.72 0.056 0.489 
  ADFI 1.00a 0.81b 1.11a 0.059 0.011 
  G:F 0.74 0.76 0.66 0.055 0.486 
a,bMeans with differing superscripts indicate a significant (P < 0.05) difference.  




Table 2.4. Initial and final body composition, and accretion of fat, lean, protein, BW, bone mineral 
content (BMC), and bone mineral density (BMD) in Controls and pigs inoculated with porcine 
epidemic diarrhea virus (PEDV) or porcine deltacoronavirus (PDCoV) from dpi -3 to 421.  
 Treatment  P-value 
Item Control PEDV PDCoV SEM TRT 
Initial composition     
  Fat, kg 0.88 0.80 0.84 0.08 0.736 
  Lean, kg 8.93 9.01 8.59 0.68 0.899 
    Protein, kg 1.23 1.24 1.17 0.11 0.899 
  Lean:Fat 10.43 11.62 10.55 0.68 0.421 
  BW, kg 10.02 9.97 9.65 0.76 0.931 
  BMC2, kg 0.23 0.25 0.25 0.02 0.589 
  BMD3, g/cm3 0.40 0.40 0.40 0.01 0.984 
Final composition     
  Fat, kg 5.55a 4.35b 5.96a 0.34 0.018 
  Lean, kg 37.12a 31.69b 38.05a 1.47 0.012 
    Protein, kg 6.14a 5.13b 6.31a 0.27 0.013 
  Lean:Fat 6.83ab 7.34a 6.49b 0.24 0.059 
  BW, kg 44.15a 37.25b 45.64a 1.91 0.012 
  BMC2, kg 0.69a 0.52b 0.73a 0.06 0.034 
  BMD3, g/cm3 0.68ab 0.63b 0.71a 0.02 0.029 
Whole body accretion     
  Total body, g/d 726.1a 580.4b 734.6a 38.65 0.016 
    Fat, g/d 99.3a 75.8b 104.6a 7.69 0.034 
    Lean, g/d 599.8a 482.6b 601.2a 30.06 0.015 
      Protein, g/d 104.5a 82.8b 104.9a 5.54 0.014 
    BMC2, g/d 9.8a 5.7b 9.9a 1.04 0.014 
a,bMeans with differing superscripts indicate a significant (P < 0.05) difference.   
1Initial composition was determined by dual x-ray absorptiometry (DXA) scan 3 d prior to 
inoculation. Final composition was determined by DXA scan at 42 dpi. Whole body accretion was 
calculated by (corrected final composition – corrected initial composition) / d on test.   
2BMC = bone mineral content.  




Figure 2.1. Scatter plot of the cumulative change in BW over 42 d of A) Controls and pigs 
inoculated with B) porcine deltacoronavirus (PDCoV) or C) porcine epidemic diarrhea virus 
(PEDV) with a 95% confidence limit. D) Predicted mean cumulative change in BW over 42 d for 
Controls (𝒚 = 𝟎. 𝟕𝟐𝒙 − 𝟏. 𝟐𝟒) and pigs inoculated with PDCoV (𝒚 = 𝟎. 𝟕𝟒𝒙 − 𝟏. 𝟐𝟖) or PEDV 
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Abstract  
The pig intestinal epithelium can be compromised by pathogens leading to reduced 
integrity and function. Porcine epidemic diarrhea virus (PEDV), recently detected in North 
America, exemplifies intestinal epithelial insult. Although several studies have investigated the 
molecular aspects and host immune response to PEDV, there are little data on the impact of PEDV 
on pig intestinal physiology. The objective of this study was to investigate the longitudinal impact 
of PEDV on nursery pig intestinal function and integrity. Fifty recently-weaned, 5-week-old 
barrows and gilts (BW = 9.92 ± 0.49 kg) were sorted based on body weight (BW) and sex into two 
treatments: 1) Control or 2) PEDV inoculated. At 2, 5, 7, and 14 days post inoculation (dpi), 4 pigs 
per treatment were euthanized and jejunum sections collected. PEDV antigen was detected in 
inoculated pigs by immunohistochemistry in 50% (2/4) at dpi 2, 100% (4/4) at dpi 5, and none at 
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later time points. PEDV-infected pigs had reduced (P<0.05) villus height and decreased 
transepithelial resistance compared with Control pigs. Total acidic mucins, particularly 
sialomucin, were reduced in PEDV pigs at dpi 2 and then increased compared with Control pigs 
at dpi 7 and 14. In addition, PEDV pigs had increased stem cell proliferation (P<0.05) and a 
numerical increase in DNA fragmentation compared with Control pigs through dpi 7 which 
coincided with an observed return of digestive function to that of Control pigs. Collectively, these 
data reveal that PEDV infection results in time-dependent changes not only in intestinal 
morphology but also barrier integrity and function. 
 
Introduction 
Porcine epidemic diarrhea virus (PEDV) infects porcine enterocytes19 and induces acute 
mucosal disruption, blunting of affected villi, and thinning of the intestinal walls which result in 
watery diarrhea, dehydration, and sometimes death.43 In the first year after its emergence in the 
United States43, PEDV infection was associated with the death of approximately 7 million piglets19 
and accounted for an estimated loss between $900 million and $1.8 billion.32 While mortality in 
PEDV infected pigs is often greater in newborn pigs (exceeding 95%), it is less in 2 – 4 week old 
pigs (approximately 40%),43 and not expected in weaned pigs.    
  The intestinal epithelium maintains a barrier against foreign material present in the 
intestinal lumen while also contributing digestive enzymes and absorbing nutrients and electrolytes 
for maintenance and growth.38 Barrier integrity of the intestinal epithelium has several 
components, including structural protein-protein interactions between cells of the epithelium3 and 
mucosal surface components23 that lubricate and serve as a biological sieve to block foreign 
material and allow nutrients to the epithelium. The mechanisms by which PEDV antagonize 
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specific functions of the gastrointestinal tract, such as digestion, nutrient absorption, and ion 
gradients, are not well described in nursery pigs. Further, these functions and intestinal integrity 
are already dramatically altered at weaning4,30,42 which may exacerbate the impact of PEDV in 
post-weaned nursery pigs.  
There is a plethora of information on molecular characterization of PEDV14,25,31,44,46 and 
host immune response to the virus.1,7,8,47 However, the physiological impact of PEDV on pigs has 
largely been limited to research focused primarily on suckling pigs16,18 and in vitro models.21 In 
addition, the majority of published data has focused on the impact of PEDV during peak infection, 
but not on restitution or recovery. We have previously shown that PEDV reduces long-term 
nursery pig growth performance.5 Understanding the impact of PEDV on intestinal integrity and 
function during peak infection and restitution are important in order to design mitigation strategies 
that may be able to ameliorate or decrease the negative impact this virus has on pig production. 
The authors hypothesize that initial PEDV infection would reduce structural intestinal integrity 
components, but this may coincide with increased mucin production to aid in barrier defense. In 
addition, modulation of barrier function due to PEDV may continue past the infection period.  
Therefore, the objective of this study was to investigate the longitudinal impact of PEDV on 
nursery pig intestinal integrity and function.   
 
Materials and methods 
Animals and experimental design 
All experimental protocols were approved by the Institutional Animal Care and Use 
Committee at Iowa State University (IACUC# 11-14-7903-S). A total of 50 approximately 5-
week-old maternal line Choice Genetics Large White Pureline Line 3 barrows and gilts (BW = 
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9.92 ± 0.49 kg) were obtained from a commercial source. Pigs were from a porcine respiratory and 
reproductive syndrome virus (PRRSV) negative and PEDV naïve herd. Animals were randomly 
allocated to treatment after stratified by BW and sex, with 2-5 pigs per pen and 8 pens per 
treatment. Treatments were: 1) PEDV naïve, negative control or 2) PEDV inoculated. All pigs 
were housed in the same facility, but in separate rooms with appropriate biosecurity and 
biocontainment to prevent cross-infection between groups. On dpi 2, 5, 7, and 14, 4 pigs per 
treatment were euthanized and tissues were collected. The remaining pigs were used to determine 
growth performance and tissue accretion over 42 days which is reported elsewhere.5  
Pigs were allowed free access to water and a common corn-soybean meal diet formulated 
to meet or exceed the NRC (2012) requirements for nutrients and energy for this size pig. Diet 
composition and analysis have been published elsewhere.5 
Inoculation and tissue collection 
On dpi 0, PEDV pigs were inoculated via gavage with 5 ml of 103 TCID50/ml PEDV isolate 
(USA/Iowa/18984/2013) as previously described.13,27 On dpi 2, 5, 7, and 14, 4 randomly selected 
pigs per treatment were euthanized via sodium pentobarbital overdose. Immediately after 
euthanasia, intestinal sections were harvested. One section per pig from the jejunum (~3 m prior 
to the ileal-cecal junction) was flushed of luminal contents with Krebs-Henseleit buffer (KB; 
containing 25 mM NaHCO3, 120 mM NaCl, 1 mM MgSO4, 6.3 mM KCl, 2 mM CaCl2, and 0.32 
mM NaH2PO4, pH 7.4) and placed into continuously aerated bottles containing KB to be 
transported and mounted into modified Ussing chambers (Physiological Instruments and VCC 
MC8; World Precisions Instruments, New Haven, CT). Additional adjacent jejunum sections were 
1) flushed of luminal contents with KB and snap-frozen in liquid nitrogen and stored at -80°C and 
2) fixed in 10% neutral buffered formalin for later analysis. After no more than 48 hours, fixed 
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sections were transferred into 70% ethanol for short-term storage before routine processing and 
paraffin-embedding. The jejunum was used for all analyses in this study as it is one of the primary 
sites for PEDV infection19, and for energy and nutrient digestion and absorption. 
Ex vivo assessment of intestinal barrier function and integrity 
One freshly isolated, continuously aerated jejunum section per pig was mounted into 
modified Ussing chambers to determine transepithelial resistance (TER), macromolecule 
permeability, and active transport of glucose and glutamine. Briefly, the apparatus was fully 
assembled with current and voltage electrodes filled with 3% noble agar that were submerged in 
3M KCl, chambers filled with KB, and system leaks were eliminated. Voltage differences between 
chambers were offset and fluid resistance compensation was used to account for any non-tissue 
related resistance for so that all chambers had a baseline measurement between 60-65 µA.  
The serosal layer was removed from the jejunum and one section per pig was pinned onto 
an insert that allowed for an exposed surface area of 1 cm2 and then placed into chambers with 
mucosal and serosal membranes facing opposite chambers. Chambers were constantly aerated with 
a 95% O2, 5% CO2 gas mixture, warmed to 37°C by circulating water bath, filled with KB, and 
connected by pairs of current and voltage electrodes to form an electrical circuit. Mucosal and 
serosal chambers contained 10 µM of D-mannitol and D-glucose, respectively, for ion balance. 
Sections were voltage clamped at 0 mV and allowed to stabilize for approximately 10-15 minutes. 
A pulse current was applied and TER was calculated based on measured voltage and the change 
in short circuit current when current pulse was applied. The TER was averaged over 10-15 minutes 
after stabilization and measured as ohms (Ω) per cm2. Active mucosal to serosal transport of 
glucose and glutamine was determined as previously described12 and calculated as the change in 
short-circuit current. Macromolecule permeability was assessed by the mucosal to serosal flux of 
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a 4.4 kDa fluorescein isothiocyanate (FITC)-labelled dextran (FD4, Sigma, St. Louis, MO) as 
previously described.28 A fluorescent plate reader (Bio-Tek, USA) was used to determine relative 
fluorescence of FD4 in the serosal samples at 485 and 520 nm excitation and emission 
wavelengths, respectively, and a permeability coefficient was then calculated. Treatment estimates 
for active transport of glucose and glutamine and Papp were expressed in arbitrary units relative 
to dpi 2 Control pigs. 
Na+/K+ ATPase and digestive enzyme activity 
Na+/K+ ATPase activity was performed as previously described33,11 using protein 
homogenate extracted from whole jejunum sections in HTP buffer [(HEPES buffer: 1 M HEPES, 
12.5 mM sodium fluoride, 0.64 mM EDTA, and 37.5 mM sodium chloride), 1% Triton-X, and 
0.1% protease inhibitor cocktail (P2714, Sigma, St. Louis, MO)]. The Molybdovanadate method45 
was used to analyze the presence of inorganic phosphate (Pi) which was assessed at 400 nm 
wavelength using Synergy 4 microplate reader (Bio-Tek, Winooski, VT). Activity of Na+/K+ 
ATPase was calculated as the difference in Pi production from ATP in the presence or absence of 
ouabain. Nonspecific phosphate hydrolysis was determined by measuring the liberated Pi in the 
absence of protein and subtracted from activity measurements. Data are presented as liberated 
inorganic phosphate (umol) per mg protein per hour.  
Activities of lactase, maltase, and sucrase was determined as previously described6,33 using 
protein extracted in HTP buffer from freeze-ground jejunum samples. Liberated glucose was 
measured using the glucose oxidase/peroxidase (G3660) and O-dianisidine (D2679) reagent; 
Sigma, St. Louis, MO) and plates were read at 540 nm wavelength (Synergy 4 microplate reader, 
Bio-Tek, Winooski, VT). The glucose released from the jejunum protein sample was compared 
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with a glucose standard and data are presented as liberated glucose (µmol) per minute per gram of 
protein.    
Caspase 3/7 activity 
Executioner caspases (3, 6, and 7) are important for signaling apoptotic events such as 
DNA degradation, nuclear condensation, and membrane blebbing; therefore, caspase 3/7 activity 
was determined in jejunum homogenates. A commercially available kit for caspase 3 activity 
(5723, Cell Signaling, Danvers, MA) was used after proteins were extracted in HTP buffer. 
Samples were diluted to 1 mg/ml in 1X Assay Buffer and kit instructions were followed without 
modification. Kit specificity does not distinguish between caspase 3 and 7; therefore, the values 
determined include activity of both caspase 3 and 7 reported as relative fluorescent unit per minute 
per gram of tissue.   
Western Blot 
Proteins were extracted from freeze-ground jejunum in HEPES buffer. Samples were 
diluted to 2 mg/ml in HTP buffer. Jejunum protein homogenates (12 µg) were separated by 10% 
SDS polyacrylamide gel electrophoresis (SDS-PAGE). Gels were run under reducing conditions, 
transferred to a nitrocellulose membrane and blocked for 1 hour in 5% (w/v) non-fat dry milk 
(NFDM) prepared in Tris-buffered saline (TBS; 20 mM Tris base and 150 mM NaCl, pH 7.4) with 
0.1% Tween-20 (TBST). Apoptosis inducing factor (AIF) was used to assess apoptosis through a 
caspase-independent pathway. Primary antibody for AIF (Santa Cruz Biotechnology, Dallas, TX) 
was diluted 1:250 in TBST with 5% NFDM and then applied to the membrane and incubated 
overnight. Membranes were washed with TBST 3 times for 10 minutes each. Secondary antibody 
was added to membrane at 1:5,000 in TBST with 2.5% NFDM and incubated for 2 hours at 4°C 
before washing as previously described. Supersignal® West Pico Chemiluminescent Substrate 
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(Termoscientific, Waltham, MA) was used to detect bands. Membranes were imaged using 
FluorChem M system (ProteinSimple, San Jose, CA). Band intensities were quantified by 
densitometery using AlphaView software (ProteinSimple, San Jose, CA) and reported as arbitrary 
units relative to dpi 2 Control pigs. 
Immunohistochemistry 
To assess PEDV antigen presence, immunohistochemistry (IHC) slides were prepared with 
PEDV antibody specific for the nucleoprotein of PEDV (BioNote, Seoul, Korea) as previously 
described.27 A veterinary pathologist who was blinded to treatment recorded semi-quantitative 
scores for PEDV antigen presence with the following criteria: 0 = no signal, 1 = 1-10% enterocytes 
showing positive signal, 2 = 11-50% enterocytes showing positive signal, and 3 = >50% 
enterocytes showing positive signal.  
Commercially available primary antibodies for Claudin 2 and Claudin 4 (Invitrogen 
Corporation, Carlsbad, CA) were used for IHC to demonstrate tight junction proteins in jejunum 
sections. Sections were cut onto positively charged slides and deparaffinized through graded 
alcohol. Slides were bathed in 0.3% hydrogen peroxide in methanol twice for 15 minutes for 
inactivation of endogenous peroxide. Antigen was retrieved by microwaving in Tris/EDTA (pH 
9.0) followed by 20 minutes of steam treatment. After 20 minutes of cooling, slides were blocked 
with 10% normal goat serum in diluent: 0.06% Trizma base (Sigma-Aldrich, St. Louis, MO), 
0.03% HCl, 3% bovine serum albumin (BSA) in phosphate buffered saline (PBS; 137 NaCl, 10 
mM Na2HPO4, 2.7 mM KCl, and 1.8 mM KH2PO4, pH 7.2). Primary antibody was applied at 1:250 
in diluent for 60 minutes. Slides were then rinsed 2 times TBST followed by a 5 minute TBST 
bath and 2 additional TBST rinses. Secondary antibody (Mouse-on-Farma HRP-Polymer, Biocare 
Medical, Concord, CA) was applied for 60 minutes followed by washes as described for primary 
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antibody. Slides were then incubated with commercial chromagen (NovaREDTM, Vector 
laboratories, Burlingame, CA) for 5 minutes and then rinsed 5 times with ultrapure water. Slides 
were bathed in 25% strength hematoxylin, rinsed 3 times in ultrapure water, placed in Scott’s Tap 
water for 1 minute, rinsed 3 times in ultrapure water, then dehydrated though a graded alcohol 
series and mounted. Sections were scored by a blinded veterinary pathologist based on antibody 
stain intensity of with 0 = no stain, 1 = light staining, 2 = moderate staining, and 3 = intense 
staining. As staining was not uniform and often varied between the villus sides and tip cells, a 
score was given for staining intensity at the villus tips and also the villus sides and then these were 
summed for a total intensity score (composite score) per section.  
A commercially available anti-Ki-67 antibody (Dako, Glostrup, Denmark) previously 
shown to work in pig jejunum17 was used to detect proliferating stem cells in the jejunal crypts. 
Primary antibody was added at 1:500 (v/v) and mouse-on-Farma HRP-Polymer (Biocare Medical, 
Concord, CA) was used as secondary. Procedure for staining was as described for Claudin 2 and 
Claudin 4. Positive Ki-67 nuclei were counted in 3 intact crypts with correct orientation for the 
section and then an average per crypt was calculated. 
Histology and histochemistry 
Jejunum sections were stained with hematoxylin and eosin to evaluate intestinal 
morphology. Pictures of jejunum sections were taken using a Leica® DMI3000 B Inverted 
Microscope (Bannockburn, IL) with an attached QImaging® 12-bit QICAM Fast 1394 camera 
(Surrey, BC). Thirty villus and crypt pairs of correct orientation were measured using Image Pro 
Plus 7.0 (QImaging®, Surrey, BC), averaged, and reported as 1 value per pig.   
To assess DNA fragmentation in jejunum sections, the Click-iT ® Plus TUNEL (terminal 
deoxynucleotidyl transferase dUTP nick end labeling) assay (Molecular Probes, Eugene, OR) was 
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used. In brief, sections were deparaffinized, washed, made permeable to reagents, and washed in 
PBS. Terminal deoxynucleotidyl transferase (TdT) and EdUTP nucleotides were added to bind 
double-stranded breaks and after 60 minutes were washed with a 50:50 (v/v) mix of 3% BSA and 
0.1% Triton-X in PBS. To identify the added EdUTPs, Alexa Fluor® 488 picolyl azide was 
incubated for 30 minutes protected from light and rinsed with 3% BSA in PBS. DNA was stained 
with Hoechst 33342. Sections were examined using an fluorescent microscope with filters 
appropriate for the selected fluorophores. Values were determined by counting total number of 
TUNEL positive nuclei in the epithelial layer of 10 intact villi with length that was representative 
of the section as a whole.  
Jejunum sections were deparaffinized and treated with high-iron-diamine (HID) and Alcian 
blue (AB; pH 2.5) stain to differentiate sulfomucins and sialomucins, respectively (Figure 3.1). 
Sections were bathed in HID for 18 hours, rinsed with water, bathed in Alcian blue for 5 minutes, 
rinsed with water, dehydrated, and then mounted. Using a DP80 Olympus Camera mounted on an 
OLYMPUS BX 53/43 microscope with a motorized stage, whole sections were scanned at 4X in 
order to use stage navigation capabilities. Regions were selected on the scanned 4X image that 
contained approximately 5 well-orientated villi and crypt pairs. These regions were rescanned at 
20X with 1.11 ms exposure on bright field with 80% lamp intensity with fixed scaling contrast. 
The 20X scanned regions were stitched together to form a composite image illustrated in Figure 
3.1. Approximately 3-4 images were taken in order to achieve at least 15 well-orientated villi and 
crypt pairs per jejunum section per pig. Images were analyzed using OLYMPUS cellSens 
Dimension 1.16 software. Color thresholds were set for recognition of AB and HID stain such that 
HID stain was assigned threshold values at red, green, blue wavelengths from 0 – 2539 and AB 
stain was assigned threshold values at red (0-2151), green (2085-3186), and blue (2535-3356) 
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wavelengths. These thresholds were applied to 15 regions of interest (ROIs) per jejunum section 
per pig that included 2 crypts adjacent to 1 villus that was of correct orientation. OLYMPUS 
cellSens Dimension 1.16 software generated data for each ROI area including: HID and AB stain 
threshold areas, HID and AB stain threshold area as a percent of each ROI area, and HID and AB 
counts within each ROI area. Sectioning procedures may slightly change total area of goblet cells, 
therefore, count data was deemed most appropriate for HID and AB stain analyses. Counts for 
individual HID and AB stain thresholds were analyzed as well as the sum of HID and AB stain 
thresholds. A ratio of HID to AB stain count was also determined. Each of these values were 
corrected for the ROI area.   
Statistical analysis 
All data were analyzed using Statistical Analysis System (SAS) 9.4 (SAS Inst. Inc., Cary, 
NC). The MIXED procedure was used to analyze TER, active transport of glucose and glutamine, 
macromolecule permeability, activity assays, morphology, and protein abundance using a 2 × 4 
factorial design to determine the main effects of treatment and dpi and the interaction of treatment 
and dpi. The GLIMMIX procedure was used to analyze Ki-67, TUNEL, sulfomucins, sialomucins, 
and total acidic mucins using a Poisson distribution. The OFFSET option was used for sulfomucins 
and sialomucins count data to account for differences in ROI area. Sulfomucin to sialomucin ratio 
was analyzed using a beta distribution in GLIMMIX. Tukey’s multiple comparison adjustment on 
each LSMean pairwise comparison was used with Kenward-Roger’s option. Data are reported as 
LSMeans and a pooled standard error of the mean (SEM) for each parameter. For Claudin 2 and 4 
categorical response variables, Fisher’s exact test in the FREQ procedure was used to assess if 
treatment or PEDV IHC status contributes to response variable distribution and supplemental 
tables assess if treatment by dpi or PEDV IHC status by dpi contributes to response variable 
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distribution. For analyses based on PEDV IHC status, a one-way ANOVA was used to assess the 
association of PEDV IHC status and dpi with 6 treatments: PEDV IHC negative (dpi 2, 5, 7, and 
14) and PEDV IHC positive (dpi 2 and 5). Significance was determined when P ≤ 0.05 and a 
tendency is P ≤ 0.10. 
 
Results 
Jejunal pathology and PEDV IHC staining 
Control pigs remained PEDV negative for the entire duration of the study (data not shown) 
while 2 of 4 (50%) of inoculated pigs were positive at dpi 2 and 4 of 4 (100%) were positive at dpi 
5. Semiquantitative scoring results are summarized in Table 3.1.  
The impact of PEDV on morphological measurements are presented in Figure 3.2 and 
illustrated that regardless of dpi, PEDV reduced villus height (P < 0.05), but not crypt depth 
compared with Control pigs. In addition, villus height increased (P < 0.05) and crypt depth tended 
to increase (P < 0.10) as dpi increased.  
Jejunal barrier integrity 
The effects of PEDV infection on jejunal barrier integrity over time in nursery pigs are 
summarized in Table 3.2. Overall, PEDV reduced (P < 0.05) TER in the jejunum compared with 
Control pigs. However, regardless of treatment, TER increased (P < 0.05) as dpi increased. 
Although PEDV reduced jejunal TER, there was no difference between treatments or dpi in FD4 
permeability.  
There was an interaction of treatment and dpi (P < 0.001) for total acidic mucins as 
determined by the sum of sulfomucins and sialomucins. Total acidic mucins were reduced from 
dpi 2 to 5 in Control pigs, but remained similar from dpi 5 to 14; however, PEDV inoculated pigs 
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had an increase in total acidic mucins as dpi increased. There was a treatment by dpi interaction 
(P < 0.001) for sialomucins and the pattern was similar to that of total acidic mucins. There was a 
treatment by dpi interaction (P = 0.012) for sulfomucins where Control pigs had similar 
sulfomucins regardless of dpi, whereas PEDV inoculated pigs had greater sulfomucins at dpi 7 
compared with 14. There was an interaction (P < 0.001) of treatment and dpi on the ratio of 
sulfomucins to sialomucins where pigs inoculated with PEDV had a greater ratio at dpi 5 compared 
with 14; whereas Control pigs had a greater ratio at dpi 7 and 14 compared with dpi 2.  
Claudin 4 and 2 staining is illustrated in Figures 3.3 – 3.10 and 3.11 – 3.18, respectively. 
There was an effect of treatment (P < 0.05) for Claudin 2 and Claudin 4 stain intensity where 
PEDV inoculated pigs had lower composite intensity scores compared with Control pigs at all time 
points as summarized in Table 3.3. Table 3.4 summarizes the association of Claudin 2 and 4 
composite scores with PEDV IHC status at all time points. Pigs that were IHC positive for PEDV 
had significantly lower scores for Claudin 4 (P < 0.001) compared with pigs that were IHC 
negative for PEDV; however, PEDV IHC status was not associated (P = 0.244) with differences 
in Claudin 2 scores. Results of Claudin IHC scoring for each necropsy time point are summarized 
by treatment group and PEDV IHC status in Supplementary Table 3.1 and 3.2, respectively. 
Jejunal stem cell proliferation and apoptosis 
Results for markers of stem cell proliferation and apoptosis are summarized in Table 3.5 
and 3.6. There was a treatment by dpi interaction (P < 0.001) for Ki-67 counts. Pigs inoculated 
with PEDV had increased Ki-67 counts compared with Control pigs regardless of dpi. In addition, 
pigs inoculated with PEDV had greater Ki-67 counts at dpi 5 and 14 compared with dpi 2 and 7, 
which were not different from each other. The association of PEDV IHC status is significant (P < 
0.001) where pigs that were IHC positive for PEDV had increased Ki-67 counts compared with 
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pigs that were IHC negative for PEDV at dpi 2 and 5 (Table 3.6). In addition, Ki-67 counts 
increased as dpi increased in pigs that were IHC negative for PEDV.  
 The TUNEL assay was used to measure DNA fragmentation in fixed jejunum sections. 
There was an interaction of treatment and dpi (P = 0.040) for TUNEL positive cells. Control pigs 
had an increase in TUNEL positive cells at dpi 14 compared with dpi 2 and 5, which were not 
different from each other. Pigs inoculated with PEDV had an increase in TUNEL positive cells at 
dpi 7 compared with dpi 5 and dpi 2 and 14 were intermediate. PEDV IHC status was associated 
with TUNEL positive cells (P = 0.016). Pigs that were IHC positive for PEDV had increased 
TUNEL positive cells at 2 dpi and numerically increased at 5 dpi compared with Control pigs as 
illustrated in Table 3.6. In addition, pigs that were IHC negative for PEDV had increased TUNEL 
positive cells as dpi increased.  
 An interaction of treatment and dpi (P = 0.004) was observed for caspase 3/7 activity. 
Caspase activity was reduced in Control pigs as dpi increased; whereas, in pigs inoculated with 
PEDV, caspase activity increased at dpi 7 compared with 5 and 14, but was not different from dpi 
2. Pigs inoculated with PEDV showed similar dpi patterns for caspase activity as that observed for 
TUNEL positive cells. 
 There was no effect of treatment, dpi, or an interaction of treatment and dpi for AIF jejunum 
protein abundance. However, numerically pigs inoculated with PEDV had greater AIF abundance 
at dpi 2 and 5 compared with Control pigs and abundance decreased as dpi increased.  
Jejunal digestive function 
The impact of PEDV on digestive function in the jejunum is summarized in Table 3.7. 
Active transport of glutamine was increased in PEDV inoculated pigs (P < 0.05) compared with 
Control pigs; however, we did not observe the same effect of treatment on active transport of 
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glucose. Maltase activity was reduced (P < 0.05) in jejunum of pigs inoculated with PEDV 
compared with Control pigs; but there was only a tendency (P = 0.057) for maltase activity to 
increase as dpi increased, regardless of treatment. Although there was a treatment by dpi 
interaction for lactase activity, this result is most likely negligible as the activity of lactase in this 
size pig is becoming increasingly less significant. Sucrase activity tended (P = 0.069) to be 
decreased in pigs inoculated with PEDV compared with Control pigs; however, sucrase activity 
tended (P = 0.081) to increase as dpi increased. There was an interaction of treatment and dpi (P 
< 0.05) for the activity of Na+/K+ ATPase that was driven by increased activity for Control pigs 
at dpi 5 compared with pigs inoculated with PEDV.  
 
Discussion 
In nursery pigs, PEDV infection significantly reduces growth performance and lean tissue 
accretion compared to healthy cohorts.5 It has also been shown that PEDV  infection significantly 
alters markers of pig intestinal integrity and macromolecule permeability,39 tight junction protein 
organization,18 nutrient transport,39 and intestinal cell turnover17,21 during peak infection.  
However, there is little published data on the longitudinal impact of PEDV on gastrointestinal 
integrity, function, and restitution in a nursery pigs. 
PEDV presence 
Fecal RNA shedding levels for PEDV has been shown to be age dependent17. In pigs 
inoculated with PEDV strain PC21A, viral shedding was greatest at dpi 1 in 9-day-old pigs 
compared with dpi 5 in 26-day-old pigs. Similarly, PEDV antigen was detected via IHC earlier 
(dpi 1) in 9-day-old pigs compared with (dpi 3) 26-day-old pigs. In addition, watery feces were 
observed at dpi 1, 3, and 5 in 9-day-old pigs inoculated with PEDV compared with pasty feces 
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observed at dpi 3 and 5 in 26-day-old pigs inoculated with PEDV17. Therefore, the onset of PEDV 
detection via fecal PCR and small intestine IHC is delayed and milder clinical signs are observed 
in weaned pigs compared with suckling pigs inoculated with PEDV. In 3-week-old pigs that were 
inoculated with the same PEDV strain as the current study (USA/Iowa/18984/2013), fecal PEDV 
shedding was greatest at dpi 4 and PEDV antigen was detected in all small intestine segments of 
necropsied pigs by dpi 427. In the current study, pigs inoculated with PEDV and euthanized at dpi 
5 were 100% IHC positive for PEDV which is consistent with previously reported periods of high 
PEDV fecal shedding in weaned pigs5,17,27. At dpi 7 and 14, PEDV was not detected by IHC which 
may be reflective of the segmental nature of the disease or the older age of pigs in the current study 
compared with previously discussed studies where low levels of PEDV antigen were detected in a 
few pigs at dpi 14.    
Jejunal barrier integrity 
A hallmark of PEDV-associated pathology is a significant reduction in villus height in the 
small intestine of suckling and weaned pigs during peak infection periods.19,27,43 Although 
morphological changes are observed with PEDV infection, there are only a few published reports 
on the impact of PEDV on intestinal integrity.18,39,48 We observed herein attenuated jejunal 
integrity, as assessed by reductions in TER, due to PEDV infection compared with Control pigs 
which is consistent with published data in similar aged pigs.38 These authors reported that at  dpi 
7 PEDV reduced TER compared with negative controls.39 Previous work observed numerical 
increases in mucosal to serosal FD4 flux in the small intestine of PEDV infected pigs compared to 
the control pigs39 which is consistent with the current study, but these were not statistically 
significant. In support of this ex vivo data, in vitro analysis using IPEC-J2 cells that supported 
PEDV as determined using immunofluorescence, showed that 60 minutes post inoculation (mpi) 
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with PEDV, TER was decreased while FD4 permeability was increased. 48 Collectively, these 
changes in paracellular flux measures may be due to reorganization of tight junction proteins 
between epithelial cells. Tight junction proteins are those located closest to the apical side of the 
epithelium, can be either transmembrane spanning or intracellular, and are believed to have the 
greatest role in intestinal integrity due to their location.41 Claudin 2 and 4 differ in that they are 
pore- and seal-forming, respectively.26 In the current study, expression of both tight junction 
proteins was reduced in pigs inoculated with PEDV compared with Control pigs, and the reduction 
in Claudin 4 was significantly associated with the concurrent presence of PEDV antigen by IHC. 
To the authors’ knowledge, these tight junction proteins have not been previously assessed in pigs 
during PEDV infection; however, tight junction protein zona-occludin (ZO-1) and adherens 
junction protein, E-Cadherin, have.18 These authors reported in 9-day-old pigs inoculated with 
PEDV strain PC21A, jejunum ZO-1 and E-Cadherin IHC scores were reduced compared with 
negative pigs at dpi 1, 3, and 5. In addition, ZO-1 protein abundance was reduced in IPEC-J2 cells 
60 mpi with PEDV48; however, this result was determined using Western blot analysis which is a 
poor indicator of tight junction protein function and location. Immunohistochemistry analysis for 
tight junction proteins is beneficial as the location of these proteins is important for their function. 
It is known that transmembrane spanning proteins, like claudins, can be internalized15 and thereby 
no longer able to perform their primary function. The reorganization of tight junction and adherens 
junction proteins may be a contributing factor to the reduced TER observed during PEDV 
infection.  
 Previous work examined the impact of PEDV on goblet cell number in suckling and 
weaned pigs20 and revealed that PEDV infection reduced both acidic and neutral mucin producing 
goblet cells in jejunum villus which may impact barrier function. Mucus, secreted from goblet 
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cells in the intestine has an important role in lubrication, but also in protection from pathogens.29  
Mucus is comprised of structural glycoproteins called mucins which can vary in chemical 
composition dependent on glycosyltransferases located in the Golgi membrane.9 These 
glycosyltransferases attach sialic acid or sulfate groups onto the terminal branches of 
oligosaccharide side chains. Mucins are classified as neutral or acidic with acidic mucins being 
further classified as either sulfated (sulfomucins) or sialylated (sialomucins) based upon their side 
chain attachments. Although aminopeptidase N has been suspected to be a receptor for PEDV24, 
co-receptors, determined in vitro, include N-acetylneuraminic acid and N-glycolyneruaminic acid 
which are both sialic acids.25 The periodic-acid Schiff (PAS) reaction and AB stain can be used to 
detect neutral and acidic mucins, respectively and the combination of HID and AB can further 
differentiate sulfomucins and sialomucins, respectively. PEDV has been shown to reduce goblet 
cell number in gnobiotic pigs 30-72 hours post inoculation (hpi) compared to negative controls.19 
In 9- and 26-day-old pigs infected with PEDV, AB and PAS were used to detect acidic and neutral 
mucin-secreting goblet cells in the villi and crypts of the jejunum at dpi 1, 3, and 5.20 PEDV 
infected 9-day-old pigs had reduced acidic and neutral mucins in jejunum goblet cells at dpi 1 and 
3 compared with negative pigs. At dpi 5, acidic mucins were still reduced in the jejunum villus 
and crypt, whereas neutral mucins were reduced in the jejunum villus, but not crypt. In contrast, 
26-day-old pigs did not differ in acidic or neutral mucins at dpi 1, but both were reduced in jejunum 
villi at dpi 3 and 5 compared with negative 26-day-old pigs. These data are in agreement with the 
current study at dpi 2 where a significant decrease in total acidic mucins was observed in the 
jejunum of PEDV infected pigs compared with Control pigs; however, at dpi 5 no significant 
difference was observed in total acidic mucin staining between treatment groups and a significant 
increase was observed in PEDV infected pigs relative to Control pigs at dpi 7 and 14 driven 
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primarily by increases in sialomucins. As the previous study terminated at dpi 5, it is difficult to 
fully compare these studies and the observed differences at dpi 5 may be related to differences in 
pig age between studies. Interestingly, the ratio of sulfomucins to sialomucins remained consistent 
from dpi 5 to 14 for Control pigs whereas in pigs inoculated with PEDV, the ratio steadily 
decreased from dpi 5 to 14. To the authors’ knowledge, the effects of PEDV infection on 
sulfomucin and sialomucin abundance have not been determined. Acidic mucins have been shown 
to be more resistant to bacterial degradation37 therefore, increasing total acidic mucins may be a 
mechanism by which PEDV infected pigs compensate for reduced barrier integrity during the 
repair phase. In addition, when transmissible gastroenteritis virus (TGEV) strain PUR46, was 
incubated in vitro with porcine intestinal mucins at 2.5 and 5 mg/ml, infectivity as assessed in ST 
cells, was reduced by 77.1 and 37.6%, respectively.40 Thus illustrating the potential benefit to the 
host of increased mucin production during infection; however, if benefit is due to antiviral activity 
by mucin or sequestration of virus by mucin was not elucidated. Alternatively, as PEDV uses sialic 
acids as co-receptors viral infection25 may induce expression of sialomucins. When ST cells were 
desialylated by 60 minute incubation with 50 mU neuraminidase prior to TGEV addition, 
infectivity was reduced; however, this was strain and time dependent.40 Thus, sialic acid present 
on cell surfaces may also be beneficial for virus binding as well as infectivity. 
Jejunal stem cell proliferation and apoptosis 
The capacity to eliminate a virus and rebuild the intestinal epithelium is important for 
optimal pig well-being and performance. Apoptosis is integral in the innate immune response to 
eliminate virus-infected cells and disrupt viral replication. Published data using the TUNEL assay 
has demonstrated that PEDV triggers apoptosis both in vitro using infected Vero cells and in vivo 
using small intestinal sections from 2-day-old pigs inoculated with PEDV.21 In this previous work, 
84 
 
TUNEL positive cells were detected in each section of the small intestine at dpi 3 and 5; however, 
there was no quantification reported. To our knowledge, the current study is the first to quantify 
TUNEL positive cells in vivo in pigs inoculated with PEDV over a time course of 14 days.  
TUNEL positive cell counts were gradually increased in Control pigs as dpi increased possibly 
due to increased turnover as villus height increased as dpi increased; however, in pigs inoculated 
with PEDV, TUNEL counts were greatest at 7 dpi but this was only statistically significant 
compared with dpi 5 whereas dpi 2 and 14 were intermediate. It is interesting to note that caspase 
3/7 activity was decreased in Control pigs as dpi increased; conversely, in pigs inoculated with 
PEDV, caspase 3/7 activity was greatest when TUNEL counts were greatest. It has been 
demonstrated in Vero cells that apoptosis is induced in PEDV infected cells through a caspase-
independent release of AIF from mitochondria which leads to DNA fragmentation.21 Although the 
current study had a numerical increase in AIF protein abundance, as determined by Western blot, 
at dpi 2 and 5 compared with Control pigs, this was not statistically significant. In addition, Control 
pigs had a numerical increase in AIF protein abundance at dpi 5, 7, and 14 compared with dpi 2. 
Although in vitro data support that apoptosis in PEDV infected cells is activated in a caspase-
independent manner22, our data suggest that executioner caspases may be contributing to activation 
of apoptosis in vivo. In addition, the current study demonstrated that pigs inoculated with PEDV 
had greater mean Ki-67 counts at all time points compared with controls and that mean counts for 
Control pigs did not differ significantly between time points throughout the study. Previously 
published data has shown that 9-day-old pigs inoculated with PEDV strain PC21A had Ki-67 
counts that were greater than negative controls at dpi 1, 3, and 5; however, in 26-day-old pigs 
inoculated with PEDV Ki-67 counts did not differ significantly from negative controls at dpi 1, 3, 
and 5.17 This discrepancy with weaned pigs in the present study may be due to virus strain, severity 
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of infection, or differences in IHC and quantification methods.  When TUNEL and Ki-67 counts 
were analyzed based on PEDV IHC status, there was a significant association of positive PEDV 
IHC status with increased Ki-67 and TUNEL counts at dpi 2 and 5. Pigs inoculated with PEDV, 
but IHC negative for PEDV are included along with sham-inoculated controls in the data presented 
in Table 3.6; therefore, there may be some carry over effects of PEDV infection when virus is no 
longer present at visibly detectable levels as evidenced by greater Ki-67 and TUNEL counts for 
PEDV IHC negative pigs compared with Control pigs at dpi 7 and 14. 
Jejunal function 
The short-term rapid increase in apoptosis following PEDV infection without a sufficient 
increase or capacity to increase proliferation results in blunted intestinal villi and therefore a 
reduction in absorptive capacity. Reduced absorptive capacity for nutrients leads to malabsorptive 
diarrhea, dehydration, and possibly death. In the current study, pigs inoculated with PEDV had 
reduced feed intake compared with Control pigs, but did not lose weight during infection5 nor was 
any mortality observed. Therefore, pigs inoculated with PEDV still had the machinery for 
digesting and absorbing nutrients. Published data in similar aged pigs inoculated with the same 
strain of PEDV showed that at dpi 7 PEDV inoculated pigs had no difference in active transport 
of glucose nor activity of Na+/K+ ATPase, but activity of maltase and sucrase was reduced and 
active transport of glutamine was increased compared with negative controls.39 In the current 
study, pigs inoculated with PEDV had increased active transport of glutamine which is the main 
fuel source for enterocytes.2,10,34 In addition, glutamine stimulates cell migration and 
proliferation35,36 which agrees with the observed increased Ki-67 counts in pigs inoculated with 
PEDV compared with Control pigs. The current study also revealed reduced jejunum Na+/K+ 
ATPase activity in pigs inoculated with PEDV at dpi 5 compared with Control pigs; however, at 
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dpi 7 and 14, there was no difference between treatments for parameters of digestive function. This 
could indicate that pigs inoculated with PEDV recover, in terms of digestive function, relatively 
quick and this coincides with the disappearance of detectable viral antigen via IHC. 
Conclusion 
In summary, the results of the current study present the time course of onset and resolution 
of altered intestinal integrity and function during a controlled infection with PEDV under the 
reported conditions. Antigen for PEDV was detected in all PEDV pigs that were euthanized at dpi 
5, but was no longer detected at dpi 7 or 14. Pigs that were positive for PEDV at dpi 5, had reduced 
TER, Claudin 4 staining, and disaccharidases activity; however at the same time point, pigs 
inoculated with PEDV had increased stem cell proliferation, DNA fragmentation, and active 
glutamine transport. Although digestive function returned to that of controls by dpi 7, there were 
still some carrier over effects of PEDV infection on markers of apoptosis and stem cell 
proliferation through dpi 14 and total acidic mucins, particularly sialomucins, were increased 
compared with Control pigs at both later time points. Further investigation is warranted on the 
impact of PEDV infection on small intestinal mucin composition and how those alterations may 
be involved in disease pathogenesis.  
 
Funding 
Funding for this research was provided by the Agriculture and Food Research Initiative 
Competitive Grant no. 2016-67015-24574 and Animal Health Hatch funding from the USDA 





1  Annamalai T, Saif LJ, Lu Z, Jung K. Age-dependent variation in innate immune responses to 
porcine epidemic diarrhea virus infection in suckling versus weaned pigs. Vet Immunol 
Immunopathol. 2015;168:193-202. 
2  Blachier F, Boutry C, Bos C, Tome D. Metabolism and functions of L-glutamate in the 
epithelial cells of the small and large intestines. Am J Clin Nutr. 2009;90:814S-821S. 
3  Blikslager AT, Moeser AJ, Gookin JL, Jones SL, Odle J. Restoration of barrier function in 
injured intestinal mucosa. Physiol Rev. 2007;87:545-564. 
4  Boudry G, Péron V, Le Huërou-Luron I, Lallès JP, Sève B. Weaning Induces Both Transient 
and Long-Lasting Modifications of Absorptive, Secretory, and Barrier Properties of 
Piglet Intestine. J Nutr. 2004;134:2256-2262. 
5  Curry SM, Gibson KA, Burrough ER, Schwartz KJ, Yoon KJ, Gabler NK. Nursery pig growth 
performance and tissue accretion modulation due to porcine epidemic diarrhea virus or 
porcine deltacoronavirus challange. J Anim Sci. 2017;95:1-9. 
6  Dahlqvist A. Assay of intestinal disaccharidases. Anal Biochem. 1968;22:99-107. 
7  de Arriba ML, Carvajal A, Pozo J, Rubio P. Lymphoproliferative responses and protection in 
conventional piglets inoculated orally with virulent or attenuated porcine epidemic 
diarrhoea virus. J Virol Methods. 2002;105:37-47. 
8  de Arriba ML, Carvajal A, Pozo J, Rubio P. Mucosal and systemic isotype-specific antibody 
responses and protection in conventional pigs exposed to virulent or attenuated porcine 
epidemic diarrhoea virus. Vet Immunol Immunopathol. 2002;85:85-97. 
9  Deplancke B, Gaskins HR. Microbial modulation of innate defense: goblet cells and the 
intestinal mucus layer. Am J Clin Nutr 2001;73:1131S-1141S. 
10  Duée P-H, Darcy-Vrillon B, Blachier F, Morel M-T. Fuel selection in intestinal cells. Proc 
Nutr Soc 1995;54:83-94. 
11  Fuller W, Parmar V, Eaton P, Bell JR, Shattock MJ. Cardiac ischemia causes inhibition of 
the Na/K ATPase by a labile cytosolic compound whose production is linked to oxidant 
stress. Cardiovasc Res 2003;57:1044. 
12  Gabler NK, Spencer JD, Webel DM, Spurlock ME. In Utero and Postnatal Exposure to Long 
Chain (n-3) PUFA Enhances Intestinal Glucose Absorption and Energy Stores in 
Weanling Pigs. J Nutr. 2007;137:2351-2358. 
13  Hoang H, Killian ML, Madson DM, Arruda PH, Sun D, Schwartz KJ, et al. Full-Length 
Genome Sequence of a Plaque-Cloned Virulent Porcine Epidemic Diarrhea Virus Isolate 




14  Huang YW, Dickerman AW, Piñeyro P, Li L, Fang L, Kiehne R, et al. Origin, evolution, and 
genotyping of emergent porcine epidemic diarrhea virus strains in the United States. 
MBio. 2013;4. 
15  Ivanov AI, Nusrat A, Parkos CA. The epithelium in inflammatory bowel disease: potential 
role of endocytosis of junctional proteins in barrier disruption. Novartis Found Symp. 
2004;263:115-124. 
16  Jung K, Ahn K, Chae C. Decreased activity of brush border membrane-bound digestive 
enzymes in small intestines from pigs experimentally infected with porcine epidemic 
diarrhea virus. Res Vet Sci. 2006;81:310-315. 
17  Jung K, Annamalai T, Lu Z, Saif LJ. Comparative pathogenesis of US porcine epidemic 
diarrhea virus (PEDV) strain PC21A in conventional 9-day-old nursing piglets vs. 26-
day-old weaned pigs. Vet Microbiol. 2015;178:31-40. 
18  Jung K, Eyerly B, Annamalai T, Lu Z, Saif LJ. Structural alteration of tight and adherens 
junctions in villous and crypt epithelium of the small and large intestine of conventional 
nursing piglets infected with porcine epidemic diarrhea virus. Vet Microbiol. 
2015;177:373-378. 
19  Jung K, Saif LJ. Porcine epidemic diarrhea virus infection: Etiology, epidemiology, 
pathogenesis and immunoprophylaxis. Vet J. 2015;204:134-143. 
20  Jung K, Saif LJ. Goblet cell depletion in small intestinal villous and crypt epithelium of 
conventional nursing and weaned pigs infected with porcine epidemic diarrhea virus. Res 
Vet Sci. 2017;110:12-15. 
21  Kim Y, Lee C. Porcine epidemic diarrhea virus induces caspase-independent apoptosis 
through activation of mitochondrial apoptosis-inducing factor. Virology. 2014;460–
461:180-193. 
22  Kim Y, Lee C. Porcine epidemic diarrhea virus induces caspase-independent apoptosis 
through activation of mitochondrial apoptosis-inducing factor. Virology. 2014;460–
461:180-193. 
23  Kim YS, Ho SB. Intestinal Goblet Cells and Mucins in Health and Disease: Recent Insights 
and Progress. Current Gastroenterology Reports. 2010;12:319-330. 
24  Li BX, Ge JW, Li YJ. Porcine aminopeptidase N is a functional receptor for the PEDV 
coronavirus. Virology. 2007;365. 
25  Liu C, Tang J, Ma Y, Liang X, Yang Y, Peng G, et al. Receptor usage and cell entry of 
porcine epidemic diarrhea coronavirus. J Virol. 2015;89:6121-6125. 
26  Lu Z, Ding L, Lu Q, Chen Y-H. Claudins in intestines: distribution and functional 
significance in health and diseases. Tissue barriers. 2013;1:e24978. 
89 
 
27  Madson DM, Magstadt DR, Arruda PH, Hoang H, Sun D, Bower LP, et al. Pathogenesis of 
porcine epidemic diarrhea virus isolate (US/Iowa/18984/2013) in 3-week-old weaned 
pigs. Vet Microbiol. 2014;174:60-68. 
28  Mani V, Harris AJ, Keating AF, Weber TE, Dekkers JC, Gabler NK. Intestinal integrity, 
endotoxin transport and detoxification in pigs divergently selected for residual feed 
intake. J Anim Sci. 2013;91:2141-2150. 
29  McCauley HA, Guasch G. Three cheers for the goblet cell: maintaining homeostasis in 
mucosal epithelia. Trends Mol Med. 2015;21:492-503. 
30  Montagne L, Boudry G, Favier C, Le Huerou-Luron I, Lalles JP, Seve B. Main intestinal 
markers associated with the changes in gut architecture and function in piglets after 
weaning. Br J Nutr. 2007;97:45-57. 
31  Nam E, Lee C. Contribution of the porcine aminopeptidase N (CD13) receptor density to 
porcine epidemic diarrhea virus infection. Vet Microbiol. 2010;144:41-50. 
32  Paarlberg PL. Updated Estimated Economic Welfare Impacts of Porcine Epidemic Diarrhea 
Virus 2014. http://ageconsearch.umn.edu/bitstream/174517/2/14-
4.Updated%20Estimated%20Economic%20Welfare%20Impacts%20of%20PEDV.pdf. 
33  Pearce SC, Mani V, Boddicker RL, Johnson JS, Weber TE, Ross JW, et al. Heat Stress 
Reduces Intestinal Barrier Integrity and Favors Intestinal Glucose Transport in Growing 
Pigs. PLoS ONE. 2013;8:e70215. 
34  Reeds PJ, Burrin DG, Jahoor F, Wykes L, Henry J, Frazer EM. Enteral glutamate is almost 
completely metabolized in first pass by the gastrointestinal tract of infant pigs. American 
Journal of Physiology - Endocrinology and Metabolism. 1996;270:E413-E418. 
35  Rhoads JM, Argenzio RA, Chen W, Rippe RA, Westwick JK, Cox AD, et al. L-glutamine 
stimulates intestinal cell proliferation and activates mitogen-activated protein kinases. 
American Journal of Physiology - Gastrointestinal and Liver Physiology. 
1997;272:G943-G953. 
36  Rhoads JM, Wu G. Glutamine, arginine, and leucine signaling in the intestine. Amino Acids. 
2009;37:111-122. 
37  Roberton AM, Wright DP. Bacterial glycosulphatases and sulphomucin degradation. Can J 
Gastroenterol. 1997;11:361-366. 
38  Sansonetti PJ. War and peace at mucosal surfaces. Nat Rev Immunol. 2004;4:953-964. 
39  Schweer WP, Pearce SC, Burrough ER, Schwartz K, Yoon KJ, Sparks JC, et al. The effect of 
porcine reproductive and respiratory syndrome virus and porcine epidemic diarrhea virus 
challenge on growing pigs II: Intestinal integrity and function1. J Anim Sci. 2015. 
90 
 
40  Schwegmann-Wessels C, Bauer S, Winter C, Enjuanes L, Laude H, Herrler G. The sialic acid 
binding activity of the S protein facilitates infection by porcine transmissible 
gastroenteritis coronavirus. Virology Journal. 2011;8:435. 
41  Shen L, Weber CR, Raleigh DR, Yu D, Turner JR. Tight junction pore and leak pathways: a 
dynamic duo. Annu Rev Physiol. 2011;73:283-309. 
42  Smith F, Clark JE, Overman BL, Tozel CC, Huang JH, Rivier JE, et al. Early weaning stress 
impairs development of mucosal barrier function in the porcine intestine. Am J Physiol 
Gastrointest Liver Physiol. 2010;298:G352-363. 
43  Stevenson GW, Hoang H, Schwartz KJ, Burrough ER, Sun D, Madson D, et al. Emergence 
of Porcine epidemic diarrhea virus in the United States: clinical signs, lesions, and viral 
genomic sequences. J Vet Diagn Invest. 2013;25:649-654. 
44  Tian PF, Jin YL, Xing G, Qv LL, Huang YW, Zhou JY. Evidence of recombinant strains of 
porcine epidemic diarrhea virus, United States, 2013. Emerg Infect Dis. 2014;20. 
45  Ueda I, Wada T. Determination of inorganic phosphate by the molybdovanadate method in 
the presence of ATP and some interfering organic bases. Anal Biochem. 1970;37:169-
174. 
46  Wang L, Byrum B, Zhang Y. New variant of porcine epidemic diarrhea virus, United States, 
2014. Emerg Infect Dis. 2014;20:917-919. 
47  Zhang Q, Yoo D. Immune evasion of porcine enteric coronaviruses and viral modulation of 
antiviral innate signaling. Virus Research. 2016;226:128-141. 
48  Zhao S, Gao J, Zhu L, Yang Q. Transmissible gastroenteritis virus and porcine epidemic 
diarrhoea virus infection induces dramatic changes in the tight junctions and 
microfilaments of polarized IPEC-J2 cells. Virus Research. 2014;192:34-45.  
91 
 
Table 3.1. Jejunal IHC scoring summary for porcine epidemic diarrhea virus antigen in inoculated 
pigs at day post inoculation (dpi) 2, 5, 7, and 14. 
 Score1 
dpi 0 1 2 3 
2 2/4 0/4 0/4 2/4 
5 0/4 0/4 2/4 2/4 
7 4/4 0/4 0/4 0/4 
14 4/4 0/4 0/4 0/4 
1Score categories: 0 = no stain; 1 = < 10 %  villus enterocytes were immunopositive; 2 = 10 – 50%  







Figure 3.1. Example of Alcian blue (AB) and high-iron diamine (HID) stain image analysis. The 
region of interest (ROI) outlines 2 adjacent crypts and 1 villus. Yellow indicates threshold set for 
HID stain and red indicates the threshold set for AB stain. Quantification of goblet cells positive 
for each stain was made using a commercial software program and counts were normalized to the 









Figure 3.2. Villus height and crypt depth in the jejunum of Control pigs and pigs inoculated with 
porcine epidemic diarrhea virus (PEDV) at day post inoculation (dpi) 2, 5, 7, and 14. Treatment 
(P = 0.007) and dpi (P = 0.007) significantly affected villus height whereas crypt depth was 
affected by dpi (P = 0.029), but not treatment (P = 0.154). Treatment (P = 0.136) and dpi (P = 



























Table 3.2. Jejunal barrier integrity of Control pigs and pigs inoculated with porcine epidemic 
diarrhea virus at day post inoculation (dpi) 2, 5, 7, and 14.1  
 dpi  P-value 
Item 2 5 7 14 SEM trt dpi trt*dpi 
TER,3 Ω × cm2         
  Control 87e 186a 146abc 158ab 15.299 0.020 0.002 0.169 
  PEDV 99de 129bcde 110cde 132bcd     
FD4,3 AU         
  Control 1.00 1.09 0.32 1.41 1.068 0.129 0.625 0.716 
  PEDV 3.37 0.92 1.89 2.42     
Sulfomucin4         
  Control 0.96ab 0.81abc 0.81abc 0.75bc 0.057 0.097 0.001 0.012 
  PEDV 0.88abc 0.96ab 1.07a 0.72c     
Sialomucin4         
  Control 2.35ab 1.27c 1.16c 1.13c 0.173 <0.001 <0.001 <0.001 
  PEDV 1.55bc 1.29c 1.93ab 2.68a     
Total acidic mucin4        
  Control 3.42a 2.08c 2.00c 1.93c 0.180 <0.001 0.049 <0.001 
  PEDV 2.27c 2.54bc 3.08ab 3.48a     
Sulfo:Sialo5         
  Control 0.51dc 0.86abc 0.93ab 0.75ab 0.091 0.076 <0.001 <0.001 
  PEDV 0.70abc 1.12a 0.68bc 0.28d     
1Each estimate is represented by 4 observations.  
2trt = treatment. 
3Ussing chamber measurements: TER = transepithelial resistance, FD4 = FITC conjugated dextran 
(4.4 kDa) used to measure macromolecule permeability. 
4Estimates are counts per area (mm2) and are represented by 4 observations that each have 15 
regions that were analyzed for sulfomucins and sialomucins using high-iron diamine and alcian 
blue stain, respectively. Counts were determined for each and summed for the total.  
5Ratio of sulfomucins to sialomucins is estimated per area (mm2) and are represented by 4 




Table 3.3. Jejunal IHC scoring frequency for Claudin 4 and 2 by treatment group at day post 
inoculation (dpi) 2, 5, 7, and 14.  
 Composite Score1  
Treatment 0 1 2 3 4 5 6 P-value 
Claudin 4         
  Control 0/16 0/16 0/16 0/16 0/16 1/16 15/16 0.039 
  PEDV2 0/16 0/16 1/16 3/16 2/16 2/16 8/16  
Claudin 2         
  Control 0/16 0/16 2/16 7/16 5/16 2/16 0/16 0.028 
  PEDV 0/16 6/16 4/16 4/16 2/16 0/16 0/16  
1Scores for IHC stain: 0 = no stain; 1 = light stain; 2 = moderate stain; 3 = intense stain. Scores 
were recorded separately for villus sides and tip cells and summed for a composite score (max 
score = 6).  





Table 3.4. Jejunal IHC scoring frequency for Claudin 4 and 2 in pigs confirmed positive or 
negative via IHC for porcine epidemic diarrhea virus antigen that were euthanized at 2, 5, 7, and 
14 days post inoculation (dpi).1 
 Composite Score2  
IHC stain 1 2 3 4 5 6 P-value 
Claudin 4        
  Negative 0/26 0/26 0/26 2/26 1/26 23/26 <0.001 
  Positive 0/6 1/6 3/6 0/6 2/6 0/6  
Claudin 2        
  Negative 5/26 3/26 9/26 7/26 2/26 0/26 0.244 
  Positive  1/6 3/6 2/6 0/6 0/6 0/6  
1PEDV IHC status (positive or negative) shown in Table 3.1.  
2Scores for immunohistochemistry stain: 0 = no stain; 1 = light stain; 2 = moderate stain; 3 = 
intense stain. Scores were recorded separately for villus sides and tip cells and summed for a 






Figure 3.3-3.10. IHC for Claudin 2, jejunum, 5-week-old pigs. Figure 3.3 – 3.6. Sham-inoculated 
controls at dpi 2, 5, 7, and 14, respectively. Enterocyte immunoreactivity is stronger along villus 
sides than at the tips. Figure 3.7 – 3.10. Pigs inoculated with porcine epidemic diarrhea virus at 
dpi 2, 5, 7, and 14, respectively revealing an overall reduction in staining intensity compared with 













Figure 3.11-18. IHC for Claudin 4, jejunum, 5-week-old pigs. Figures 3.11 – 3.14. Sham-
inoculated controls at dpi 2, 5, 7, and 14, respectively. Enterocyte immunoreactivity is uniform 
along the length of villi. Figures 3.15 – 3.18. Pigs inoculated with porcine epidemic diarrhea virus 
at dpi 2, 5, 7, and 14, respectively revealing reduced staining intensity compared with Control pigs 





Table 3.5. Activity and presence of apoptosis and presence of proliferation markers in jejunum of 
pigs inoculated PEDV and control pigs euthanized at 2, 5, 7, and 14 days post inoculation (dpi).1   
 dpi  P-value 
Item 2 5 7 14 SEM trt2 dpi trt*dpi 
Ki-673         
  Control 26.7c 27.0c 28.3c 28.3c 1.68 <0.001 <0.001 0.001 
  PEDV  32.9b 46.4a 33.3b 46.9a     
TUNEL3         
  Control 0.5b 0.8b 2.0ab 4.3a 0.74 0.093 0.019 0.040 
  PEDV 2.0ab 1.5b 4.5a 2.0ab     
Caspase 3/7 Activity RFU5/min/g tissue      
  Control  28.1ab 29.1ab 16.1dc 13.9d 3.81 0.589 0.046 0.004 
  PEDV 25.6abc 15.8dc 33.6a 18.1bcd     
AIF6         
  Control 1.00 1.29 3.25 1.81 1.93 0.121 0.567 0.328 
  PEDV 4.84 3.60 3.39 1.35     
1Each estimate is represented by 4 observations. 
2trt = treatment. 
3Ki-67 was determined using IHC by counting the number of positive nuclei in 3 intact crypts and 
then averaged.  
4TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay was used to 
determine degree of DNA fragmentation. Values were determined by counting the total number of 
positive nuclei in 10 intact villi with length that was representative of the section.  
5RFU = relative fluorescent units.  
6AIF = apoptosis inducing factor. Protein abundance determined via western blot procedure and 




Table 3.6. Presence of proliferation and apoptosis markers in jejunum of pigs confirmed positive 
or negative via IHC for porcine epidemic diarrhea virus antigen that were euthanized at 2, 5, 7, 
and 14 days post inoculation (dpi).1   
 dpi   
IHC stain 2 5 7 14 SEM P-value 
Ki-67        
  Negative 27.78d 27.00d 30.75cd 37.58b 1.657 <0.001 
  Positive  35.83bc 46.42a . .   
TUNEL2       
  Negative 0.50b 0.75b 3.25a 3.13a 0.729 0.016 
  Positive 3.50a 1.50ab     
1PEDV IHC status (positive or negative) shown in Table 3.1.  




Table 3.7. Effects of porcine epidemic diarrhea virus on jejunal digestive and absorptive function.1 
 dpi  P-value 
Item 2 5 7 14 SEM trt2 dpi trt*dpi 
Na+/K+ ATPase activity, umol Pi/mg protein/h     
  Control 0.02de 0.23a 0.13bc 0.10cd 0.031 0.315 <0.001 0.005 
  PEDV 0.02e 0.06cde 0.20ab 0.12bc     
Disaccharidase activity, µmol/min/g protein     
  Lactase         
   Control 0.00b 0.65a 0.00b 0.00b 0.178 0.871 0.320 0.041 
    PEDV 0.16ab 0.00b 0.40ab 0.00b     
  Maltase         
    Control 5.32bcd 12.96a 9.24abc 12.66ab 2.535 0.029 0.057 0.191 
    PEDV 4.10cd 1.79d 6.23abcd 11.47ab     
  Sucrase         
    Control 0.86ab 1.05ab 0.28b 1.74a 0.333 0.069 0.081 0.157 
    PEDV 0.29b 0.17b 0.77ab 0.91ab     
Glucose transport, AU2      
  Control 1.00 0.87 0.41 0.40 0.573 0.177 0.121 0.293 
  PEDV 2.60 0.35 1.41 0.57     
Glutamine transport, AU2       
  Control 1.00b 1.47ab 0.93b 0.42b 0.809 0.020 0.154 0.439 
  PEDV 3.83a 2.37ab 2.67ab 0.69b     
1Estimates are represented by 4 observations per dpi and treatment.  






Supplemental Table 3.1. Frequency of IHC stain intensity scores for Claudin 4 and Claudin 2 in 
jejunum of controls and pigs inoculated with porcine epidemic diarrhea virus at day post 
inoculation (dpi) 2, 5, 7, and 14.1   
 Composite Score  
Treatment 0 1 2 3 4 5 6 P-value 
Claudin 4         
 Control         
  dpi 2 0/4 0/4 0/4 0/4 0/4 0/4 4/4 0.003 
  dpi 5 0/4 0/4 0/4 0/4 0/4 0/4 4/4  
  dpi 7 0/4 0/4 0/4 0/4 0/4 1/4 3/4  
  dpi 14 0/4 0/4 0/4 0/4 0/4 0/4 4/4  
 PEDV         
  dpi 2 0/4 0/4 1/4 1/4 1/4 0/4 1/4  
  dpi 5 0/4 0/4 0/4 2/4 0/4 2/4 0/4  
  dpi 7 0/4 0/4 0/4 0/4 0/4 0/4 4/4  
  dpi 14 0/4 0/4 0/4 0/4 1/4 0/4 3/4  
Claudin 2         
 Control         
  dpi 2 0/4 0/4 1/4 1/4  2/4 0/4 0/4 0.163 
  dpi 5 0/4 0/4 0/4 3/4  0/4 1/4 0/4  
  dpi 7 0/4 0/4 0/4 1/4  2/4 1/4  0/4  
  dpi 14 0/4 0/4 1/4  2/4 1/4  0/4 0/4  
 PEDV         
  dpi 2 0/4 1/4  2/4 0/4 1/4  0/4 0/4  
  dpi 5 0/4 0/4 2/4 2/4 0/4 0/4 0/4  
  dpi 7 0/4 3/4 0/4 1/4  0/4 0/4 0/4  
  dpi 14 0/4 2/4 0/4 1/4  1/4  0/4 0/4  
1Inoculation of PEDV via intra-gastric gavage with isolate US/Iowa/18984/2013. Scores for IHC 
stain: 0 = no stain; 1 = light stain; 2 = moderate stain; 3 = intense stain. Scores were recorded 




Supplemental Table 3.2. Frequency of IHC stain intensity scores for Claudin 2 and 4 in jejunum 
of controls and pigs confirmed IHC positive for porcine epidemic diarrhea virus antigen.1   
 Composite Score  
IHC stain 1 2 3 4 5 6 P-value 
Claudin 4         
  Negative        
    dpi 2 0/6 0/6 0/6 1/6  0/6 5/6 <0.001 
    dpi 5 0/4 0/4 0/4 0/4 0/4 4/4  
    dpi 7 0/8 0/8 0/8 0/8 1/8 7/8  
    dpi 14 0/8 0/8 0/8 1/8 0/8 7/8  
  Positive        
    dpi 2 0/2 1/2  1/2  0/2 0/2 0/2  
    dpi 5  0/4 0/4 2/4 0/4 2/4 0/4  
Claudin 2        
  Negative        
    dpi 2 0/6 2/6 1/6 3/6 0/6 0/6 0.246 
    dpi 5 0/4 0/4 3/4 0/4 1/4  0/4  
    dpi 7 3/8 0/8 2/8 2/8 1/8 0/8  
    dpi 14 2/8 1/8 3/8 2/8 0/8 0/8  
  Positive        
    dpi 2 1/2  1/2 0/2 0/2 0/2 0/2  
    dpi 5 0/4 2/4 2/4 0/4 0/4 0/4  
1Inoculation of PEDV via intra-gastric gavage with isolate US/Iowa/18984/2013. Scores for 
immunohistochemistry stain: 0 = no stain; 1 = light stain; 2 = moderate stain; 3 = intense stain. 
Scores were recorded separately for villus sides and tip cells and summed for a composite score 
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Abstract 
Porcine epidemic diarrhea virus (PEDV) infects enterocytes and infection in nursery pigs 
results in diarrhea, anorexia, and reduced performance. Therefore, the objective of this study was 
to determine how PEDV infection influenced growth performance and repartitioning of amino 
acids and energy in nursery pigs. A total of 32 approximately 1 week post-wean barrows and gilts 
(BW = 8.46 ± 0.50 kg) and naïve for PEDV were obtained, weighed, and allotted based on sex and 
BW to 1 of 2 treatments: 1) Controls and 2) PEDV-inoculated (PEDV) with 8 pens of 2 pigs each 
per treatment. On day post inoculation (dpi) 0, PEDV pigs were inoculated via intragastic gavage 
with PEDV isolate (USA/Iowa/18984/2013). Pig and feeder weights were recorded at dpi -7, 0, 5, 
and 20 in order to calculate ADG, ADFI, and G:F. Eight pigs per treatment were euthanized on 
dpi 5 and 20 and tissues and blood were collected. At dpi 5, all PEDV pigs were PCR positive for 
PEDV in feces. Overall, PEDV pigs had a tendency (P < 0.10) for increased ADFI which resulted 
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in reduced (P < 0.05) feed efficiency. At dpi 5, PEDV pigs had reduced (P < 0.05) villus height 
and increased (P < 0.05) stem cell proliferation in the jejunum compared with Controls. Pigs 
inoculated with PEDV had increased (P < 0.05) serum haptoglobin and increased insulin to glucose 
ratios compared with Controls at dpi 5. Markers of muscle proteolysis were not different (P > 0.05) 
between treatments within dpi; however, at dpi 5, 20S proteasome activity was increased (P < 
0.05) in LD of PEDV pigs compared with Controls. Liver and jejunum gluconeogenic enzyme 
activities were not different (P > 0.05) between treatments within dpi. Overall, PEDV challenge 
reduced feed efficiency suggesting that energy and nutrients were partitioned from growth and 
most likely towards immune system activation and recovery of the intestine. This study provides 
insight into the effects of an enteric coronavirus on post-absorptive metabolism in nursery pigs. 
 
Introduction 
Pathogen challenges can antagonize animal health and performance, and are associated 
with allocation of nutrients and energy away from growth (Scrimshaw, 1977; Davies, 2012). 
Interestingly, improving feed intake during such challenges may not be advantageous as mice 
infected with Listeria monocytogenes that were force fed to the energy intake of naïve 
counterpart’s experienced 93% mortality (Murray and Murray, 1979). Although that study may 
not be directly translatable to pigs or other pathogen infections, there appears to be some advantage 
of the host to reduce feed intake. Unfortunately for production animals, reduced feed intake results 
in decreased gain and ultimately increases days to reach a final market BW.   
Porcine epidemic diarrhea virus (PEDV), of the family Coronaviridae (Woo et al., 2012), 
infects enterocytes. Infection in nursery pigs results in clinical signs of diarrhea, dehydration, and 
anorexia (Stevenson et al., 2013). The pathology induced by this pathogen results in altered 
nutrient and energy partitioning. Previous research in nursery pigs has demonstrated that PEDV 
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challenge results in reduced growth performance compared with naïve counterparts (Kim and Lee, 
2014; Schweer et al., 2015b; Curry et al., 2017a). Whole body protein accretion rates are also 
reduced due to PEDV infection (Curry et al., 2017a). However, the mechanism of action for this 
observation has not been determined. Muscle is the largest store of protein in the body, thus 
changes in either protein degradation or protein synthesis during infection may result in reduced 
whole body protein accretion. In addition, increased muscle protein turnover or degradation may 
provide AA that can be used for protein synthesis and/or energy production in other tissues. Rhoads 
et al. (2007) demonstrated that during peak rotavirus infection in pigs, protein translation initiation 
machinery were more abundant in the intestine compared with muscle of naïve counterparts. This 
demonstrates a reprioritization of energy and nutrients away from lean tissue growth to areas that 
are potentially damaged during infection and require resources to recover. 
Therefore, the objective of this study was to determine how PEDV infection influenced 
growth performance and repartitioning of amino acids and energy in nursery pigs. We 
hypothesized that pigs inoculated with PEDV would exhibit decreased feed intake and growth, 
resulting in altered feed efficiency. This would drive energy and nutrients away from lean tissue 
growth towards immune activation and recovery of damaged intestinal tissue, such that muscle 
protein degradation and gluconeogenic enzyme activities in the liver and jejunum during peak 
infection and after recovery would differ between naïve and PEDV infected nursery pigs. 
 
Materials and Methods 
All experimental protocols were reviewed and approved by the Institutional Animal Care 
and Use Committee at Iowa State University in Ames, IA (IACUC# 12-15-8147-S). 
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Animal housing, experimental design, and diets 
A total of 32 (Genetiporc 6.0 × Genetiporc F25 genetics; PIC, Inc., Hendersonville, TN) 
barrows and gilts 4 weeks of age, approximately 1 week post-wean (BW = 8.46 ± 0.50 kg) were 
obtained from a PEDV negative herd, weighed, and allotted based on sex and BW to 1 of 2 
treatments: 1) Controls and 2) PEDV-inoculated (PEDV). Each treatment was represented by 8 
pens with 2 pigs each. Pigs were housed in two rooms at the Livestock Infectious Disease Isolation 
Facility (biosecurity level 2) at Iowa State University (Ames, IA) with identical thermal 
environmental control, penning, and feeders, and appropriate biocontainment to prevent cross-
infection.  
All pigs had ad libitum access to a corn-soybean meal based diet (Table 4.1) that met or 
exceeded the NRC (2012) requirements for nutrients and energy for this size pig, and all pigs had 
free access to water.  Pig and feeder weights were recorded at day post inoculation (dpi) -7, 0, 5, 
and 20 in order to calculate ADG, ADFI, and G:F. 
Inoculation and sample collection 
On dpi 0, PEDV pigs were inoculated via intragastic gavage with 5 ml of 103 tissue culture 
infectious dose (TCID)50/ml of PEDV isolate (USA/Iowa/18984/2013) as previously described 
(Hoang et al., 2013; Madson et al., 2014). Fecal swabs were taken on dpi 0, 2, 5, 10, 15, and 20 
and subjected to normal diagnostic processes to determine PEDV shedding in feces (Table 4.2) 
via quantitative real-time PCR (RT-PCR) as described by Curry et al. (2017a). A cycle threshold 
(Ct) of < 35 was considered positive for PEDV and ≥ 35 was considered negative.  Blood was 
collected through jugular venipuncture from 1 selected pig per pen in serum tubes (10 mL BD®, 
Franklin, NJ) at dpi 5 and 20. Serum was obtained by centrifugation at 2,000 × g for 10 minutes, 
aliquoted, and stored at -80°C for later analysis.  
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One pig per pen was euthanized by sodium pentobarbital overdose followed by immediate 
exsanguinated on dpi 5 and 20.  Thereafter, tissues were harvested from each pig and processed 
immediately as described. Longissimus dorsi (LD) and liver samples were collected, trimmed, 
diced, snap-frozen in liquid nitrogen, and stored at -80°C until later analysis. Whole jejunum 
sections were collected ~2 m prior to the ileal-cecal junction and flushed of luminal contents with 
Krebs-Henseleit buffer (KB; containing 25 mM NaHCO3, 120 mM NaCl, 1 mM MgSO4, 6.3 mM 
KCl, 2 mM CaCl2, and 0.32 mM NaH2PO4, pH 7.4). Flushed jejunum sections were placed into 
10% neutral buffered formalin (NBF) for 24 h and then into 70% ethanol for short-term storage 
until routine processing and paraffin-embedding. In addition, jejunum sections were cut 
longitudinally to expose the mucosa, which was harvested by scraping the length of the jejunum 
with a microscope slide. Mucosal scrapings were snap-frozen in liquid nitrogen and stored at -
80°C for later analysis. 
Jejunum histology 
To confirm presence of PEDV in jejunum epithelium of pigs inoculated with PEDV, 
jejunum sections were collected in 10% NBF at 5 dpi, were paraffin-embedded into blocks, 
sectioned, and immunohistochemistry (IHC) was performed with PEDV antibody specific for the 
nucleoprotein of PEDV as described by Madson et al. (2014).  In situ hybridization (ISH) was also 
performed using an oligonucleotide probe targeting the N gene of PEDV (5’-
TGTTGCCATTACCACGACTCCTGC-3’) obtained from a commercial vendor (Invitrogen 
Custom Oligos, Life Technologies, Carlsbad, CA) with a 5’ fluorescein label. The probe was 
reconstituted in a commercial hybridization buffer (BondTM Hybridization Solution, Leica 
Biosystems, Newcastle Upon Tyne, UK) at 5 ng/µl and the procedure was performed using a 
commercially available system (Leica Bond-III, Leica Biosystems, Melbourne, Australia). Tissue 
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sections were dewaxed using a commercial dewaxing solution and then treated with a 
commercially available enzymatic pretreatment (BondTM Enzyme Pretreatment Kit, Leica 
Biosystems, Newcastle Upon Tyne, UK) for 5 min followed by 5 rinses with a commercial wash 
solution (BondTM Wash Solution, Leica Biosystems, Newcastle Upon Tyne, UK). The diluted 
probe was applied and allowed to hybridize at 45° C for 12 h and then rinsed prior to incubation 
with an anti-FITC antibody for 30 min followed by application of a commercial chromagen system 
(Bond DAB Refine Kit, Leica Biosystems, Newcastle Upon Tyne, UK). A score for PEDV 
presence was assigned by a trained, blinded individual to each jejunum section with the following 
scoring system: 0 = no positive staining, 1 = <10% positive enterocytes, 2 = 11 – 50% positive 
enterocytes, and 3 = >50% positive enterocytes which has been used previously (Madson et al., 
2013).   
 Jejunum sections were stained with hematoxylin and eosin, images obtained, and analyzed 
as previous described (Curry et al., 2017b) in order to evaluate jejunum morphology. On the same 
sections, a lesion score was assigned based on villus atrophy and fusion and immune cell infiltrates. 
A score of 0 was considered normal, 1 for mild villus blunting and rare fusion, 2 for moderate 
villus blunting and fusion with lymphoid infiltration, and 3 for severe blunting and fusion with 
lymphoid infiltration.  
 An anti-Ki-67 antibody (Dako, Glostrup, Denmark) was used to detect proliferating stem 
cells in the jejunal crypts (Jung et al., 2015). Primary antibody was added at 1:500 (v/v) and mouse-
on-Farma HRP-Polymer (Biocare Medical, Concord, CA) was used as secondary. Staining 




Serum was analyzed for glucagon concentration using commercially available ELISA kit 
(DuoSet® Glucagon, catalog number DY1249, R&D Systems, Minneapolis, MN). Serum glucose 
concentration was measured in duplicate using glucose oxidase/peroxidase reagent with O-
dianisidine (Sigma-Aldrich, St. Louis, MO) and a glucose standard (Sigma-Aldrich, St. Louis, 
MO). Insulin concentration was measured in duplicate using commercially available 
Human/Canine/Porcine Insulin Quantikine ELISA Kit (catalog number DINS00, R&D Systems, 
Minneapolis, MN). Insulin to glucose ratio was calculated by total mol insulin to total mol of 
glucose per L of serum. Non-esterified fatty acids (NEFA) concentration [NEFA-HR(2), Wako 
Chemical USA Inc., Richmond, VA] and blood urea nitrogen (BUN) concentration (BioAssay 
Systems, Hayward, CA) in serum were measured in duplicate per manufacturer’s instructions. 
Serum haptoglobin concentrations were analyzed in duplicate using commercial ELISA kit 
(ALPCO diagnostics, Salem, NH). A Synergy 4 plate reader using Gen 5 software (BioTek 
Instruments Inc., Winooski, VT) was used to read all assays. 
Longissimus dorsi proteolysis markers 
Protein from snap-frozen LD was extracted via homogenized in HEPES buffer (50 mM 
HEPES, 150 mM NaCl, 50 mM NaF, 20 mM EDTA, 5% glycerol, 1% Triton-X 100, and 0.1% 
SDS) and centrifuged at 2,000 × g for 10 minutes at 4°C. Equivalent protein concentrations (10 
µg) were separated by 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE). Gels were run 
under reducing conditions, transferred to a nitrocellulose membrane and blocked for 1 hour in 5% 
(w/v) non-fat dry milk (NFDM) prepared in Tris-buffered saline (TBS; 20 mM Tris base and 150 
mM NaCl, pH 7.4) with 0.1% Tween-20 (TBST). Primary antibody for calpastatin (catalog number 
2G11D6, ThermoFisher Scientific, Waltham, MA) or µ-calpain (catalog number MA3-942, 
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ThermoFisher Scientific, Waltham, MA) was diluted 1:1000 or 1:250, respectively in TBST with 
5% NFDM and then applied to the membrane for an overnight incubation. Membranes were 
washed with TBST for 3 times for 10 minute each. Secondary antibody was added at 1:1000 or 
1:2500, respectively in TBST with 2.5% NFDM and incubated for 90 minutes at 4°C before 
washing as described previously. Membranes were incubated with Supersignal® West Pico 
Chemiluminescent Substrate (ThermoFisher Scientific, Waltham, MA, USA) for approximately 5 
min to detect bands and then imaged using FluorChem M system (ProteinSimple, San Jose, CA). 
Calpastatin abundance was expressed as arbitrary units relative to dpi 5 Controls. The proportions 
of the µ-calpain catalytic subunit present as the intact 80 kDa band and the autolyzed 78 and 76 
kDa bands were calculated (Bee et al., 2007). 
 Myofibrillar protein and easily releasable myofilaments (ERMs) were extracted from LD 
as previously described (Neti, 2009) and determined in triplicates. Protein concentration in crude 
myofibril and ERMs were determined using bicinochoninic acid (BCA) protein analysis. Percent 
of ERMs was calculated as a percent of crude myofibrillar protein.  
Total RNA was isolated from LD muscle as previously described (Schweer et al., 2015a). 
Total protein was set relative to total RNA to assess protein synthesis efficiency. Both total protein 
and total RNA were corrected for differences in start tissue weight prior to efficiency calculation. 
 Protein extracted from LD in HEPES buffer as previously described was used to determine 
20S proteasome activity (Cruzen et al., 2013). Activity of 20S proteasome was determined in 




Gluconeogenic enzyme activities  
Protein from liver and jejunum mucosal scrapings was extracted in HEPES buffer as 
described above. Phosphoenolpyruvate carboxykinase (PEPCK) activity was measured in 
duplicate as described by Wimmer (1988) with modifications. The activity of PEPCK was 
calculated by subtracting endogenous ATP concentration in homogenates from ATP produced in 
the presence of oxaloacetate and thus a result of PEPCK. Luminometric determination of ATP was 
performed in a 96 well plate and fluorescence was measured at 538 nm. Assay mixture after the 
formation of ATP was diluted 10-fold and 100-fold for liver and jejunum mucosal scrapings, 
respectively prior to luminometric determination of ATP. Fructose-1, 6-bisphosphatase (F1,6BP) 
activity was measured in duplicate using protocol EC 3.1.3.11 with modifications. In brief, test 
buffer contained 50 mM Tris-HCl (pH 8.5), 1.5 mM MgCl2, 0.1 mM EDTA, 0.2 mM NADP, 0.1 
mM fructose-1, 6-phosphate, 0.83 U phosphoglucose isomerase, and 0.1 U glucose-6 phosphate 
dehydrogenase. Blank buffer contained test buffer without fructose-1, 6-phosphate. Glucose-6 
phosphatase (G6P) activity was measured in duplicate using protocol EC 3.1.3.9 with 
modifications. After addition of 20% TCA, 96 well plates were centrifuged at 2,000 rpm for 5 
minutes at 25°C. The resulting assay mixture was used for inorganic phosphorous determination 
using the molybdovanadate method (Ueda and Wada, 1970). These enzymes were chosen to be 
evaluated as they are enzymes necessary to overcome the irreversible steps of glycolysis and thus 
key enzymes of gluconeogenesis.    
Statistical analysis 
Pen was the experimental unit for growth performance, while pig was the experimental 
unit all other parameters, with fixed effects of dpi (5 or 20), treatment (Control or PEDV), and 
their interaction. For all data, significance was determined when P ≤ 0.05 and tendency for 
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significance at 0.05 < P ≤ 0.10. The effect of dpi on Ct in PEDV pigs and the effect of treatment 
on growth performance parameters were analyzed using the MIXED procedure of SAS (SAS Inst. 
Inc., Cary, NC) with pen as the experimental unit. Least square (LS) means of dpi or treatment 
were determined using the LS means statement and differences in LS means were produced using 
the pdiff option. Data are reported as LS means estimates with a pooled SEM.  
 Morphology, serum parameters, proteolysis markers in the LD, and gluconeogenic enzyme 
activities in the liver and jejunum mucosal scrapings were analyzed using the MIXED procedure 
of SAS with pig as the experimental unit. The model included treatment and dpi and the interaction 
of treatment and dpi as fixed effects. Least square means of treatment by dpi were determined 
using the LS means statement and differences in LS means were produced using the pdiff option. 
Data are reported as LS means estimates with a pooled SEM.  
 Count data from Ki67 analyses were analyzed using the GLIMMIX procedure of SAS 
using a Poisson distribution. Data are reported as LS means and SEM. For lesion scores, Fisher’s 
exact test in the FREQ procedure was used to assess if the interaction of treatment and dpi 
contributed to lesion score distribution.  
 
Results 
Confirmation of PEDV challenge 
All Control pigs were negative for PEDV throughout the duration of the study (data not 
shown). As expected, all pigs inoculated with PEDV had lower (P < 0.001) Ct values at dpi 5 
compared with all other time points (Table 4.2) and therefore greater presence of PEDV in feces. 
The Ct estimate at dpi 20 indicates that PEDV pigs are still positive for PEDV, only 1 out of 8 pigs 
sampled had PEDV detectable in feces by PCR. All sampled PEDV challenged pigs were positive 
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for PEDV at least once during the sampling period. All of the PEDV challenged pigs euthanized 
at dpi 5 had PEDV protein and nucleic acid present in their jejunum epithelium as measured by 
PEDV IHC and PEDV ISH, respectively (data not shown). During necropsy, lesions typical of 
bacterial infections were not observed by present veterinarians in any of the pigs.   
Growth performance 
There was no difference (P > 0.05) in start or end BW between Control and PEDV pigs 
(Table 4.3). From dpi 1 – 5, PEDV pigs had a 36% reduction (P = 0.039) in feed efficiency 
compared with Control pigs; however, there was no difference (P = 0.493) in feed intake between 
treatments. Although not significant, there was a 35% reduction (P = 0.156) in ADG of PEDV 
pigs compared with Control pigs. From dpi 6 – 20, PEDV pigs increased (P = 0.047) their ADFI 
by 20% compared with Control pigs; however, there was no difference (P = 0.433) in ADG 
between treatments. Therefore, feed efficiency was reduced (P = 0.003) by 27% in PEDV pigs 
compared with Control pigs. Pigs inoculated with PEDV did not differ (P = 0.328) in overall (dpi 
0 – 20) ADG compared with Control pigs; however, there was a tendency for overall ADFI to be 
greater (P = 0.088) in PEDV pigs compared with Control pigs. This resulted in a 25% overall 
reduction (P = 0.004) in feed efficiency in PEDV pigs compared with Control pigs. 
Jejunum morphology, stem cell proliferation, and lesion scores  
Villus height was reduced (P = 0.002) by 34% at 5 dpi for PEDV pigs compared with 
Control pigs, but did not differ at 20 dpi (Table 4.4). The interaction of treatment and dpi tended 
(P = 0.054) to be significant for villus height to crypt depth ratio with the same pattern observed 
as for villus height. This was driven by the lack of difference (P = 0.662) for crypt depth between 
treatment and dpi.  
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 Crypt stem cell proliferation as assessed by counts of cells positive for Ki67 was 
significantly (P = 0.001) increased at 5 dpi for PEDV pigs compared with Control pigs; however, 
there was no difference between treatments at 20 dpi (Table 4.4).  
Protein to RNA ratios were used as a crude assessment of protein synthesis translation 
efficiency in jejunum mucosal scrapings (Table 4.4). There was a tendency (P = 0.053) for an 
interaction between treatment and dpi for protein to RNA ratios, where Control pigs had greater 
protein to RNA ratios at dpi 5 compared with PEDV pigs; however, at dpi 20, there was no 
difference between treatments. These differences in efficiency of protein translation were driven 
by the reduction in total protein in PEDV pigs at dpi 5 compared with dpi 20, whereas total protein 
was no different for Control pigs at either time point. There was no difference (P > 0.05) between 
treatment or dpi for total RNA in jejunum mucosal scrapings.  
 Lesions score distribution as assessed by a combination of villus atrophy and fusion and 
immune cell infiltrates in the jejunum was significantly (P < 0.001, Table 4.4) influenced by 
treatment and dpi. This was driven by PEDV pigs having more pigs scoring above a 1 at 5 dpi 
compared with Control pigs and all pigs scoring a 0 or 1 at 20 dpi regardless of treatment. 
Serum parameters 
There was a treatment by dpi interaction (P = 0.010) for insulin concentration, where at dpi 
5, there was no difference in concentration; however, at dpi 20, PEDV pigs had 67% more insulin 
in serum compared with Control pigs (Table 4.5). There was an interaction of treatment and dpi 
(P = 0.024) for serum glucose concentrations where there was no difference between treatments 
at dpi 5; however, at dpi 20, PEDV pigs had 19% more serum glucose compared with Control 
pigs. There was a tendency (P = 0.100) for an interaction between treatment and dpi for 
haptoglobin concentration, where PEDV pigs had greater concentrations compared with Control 
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pigs at dpi 5, but no difference was observed between treatments at dpi 20. No other serum 
parameter had a significant interaction between treatment and dpi. There was no main effect of 
treatment (P = 0.304) or dpi (P = 0.104) for serum glucagon concentrations. Pigs inoculated with 
PEDV had significantly (P < 0.001) greater insulin to glucose ratios compared with Control pigs 
and pigs at dpi 20 had significantly (P = 0.021) greater insulin to glucose ratios compared with dpi 
5 pigs. A greater insulin to glucose ratio indicates that pigs were less sensitive to insulin. At dpi 5, 
pigs had greater (P = 0.005) serum NEFA concentrations compared with pigs at dpi 20; however 
there was no effect (P = 0.534) of treatment. Pigs inoculated with PEDV had significantly (P = 
0.030) less serum BUN compared with Control pigs.  
Skeletal muscle proteolysis markers 
There was no significant interaction of treatment and dpi on any of the measured markers 
of protein degradation in the LD, except for 20S proteasome activity (Table 4.6). Pigs inoculated 
with PEDV had 27% more (P = 0.005) 20S proteasome activity in the LD at dpi 5 compared with 
Control pigs; however at 20 dpi, PEDV pigs had 43% less activity in LD compared with Control 
pigs. Pigs inoculated with PEDV tended (P = 0.092) to have greater protein abundance of 
calpastatin, an endogenous inhibitor of calpain and there was more (P < 0.001) calpastatin protein 
abundance in LD of pigs at dpi 5 compared with pigs at dpi 20.  Protein abundance of intact µ-
calpain (80 kDa) and autolyzed 78 kDa µ-calpain was greater (P < 0.01) in LD of pigs at dpi 20 
compared with pigs at 5 dpi; however, protein abundance of autolyzed 76 kDa µ-calpain was 
greater (P < 0.001) in LD of pigs at dpi 5 compared with pigs at dpi 20.  
 To further assess skeletal muscle proteolysis, LD myofibrillar protein and ERMs were 
determined (Table 4.6). The amount of myofibrillar protein extracted from the LD was greater (P 
= 0.009) at dpi 5 compared with pigs at dpi 20, regardless of treatment. However, the amount and 
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percent of ERMs was not different (P > 0.05) between treatments or dpi. Protein to RNA ratio was 
assessed as a crude estimate of protein synthesis translation efficiency, and there were no 
difference (P > 0.05) due to treatment or dpi.    
Gluconeogenic enzyme activities 
There was greater (P = 0.018) activity of PEPCK in the liver of pigs at dpi 20 compared 
with pigs at 5 dpi (Table 4.7). However, there was less (P < 0.001) activity of F1,6BP in the liver 
of pigs at 20 dpi compared with pigs at 5 pi. There was an interaction of treatment and dpi (P = 
0.043) for activity of G6P where there was a 50% increase in liver G6P activity in Control pigs 
compared with PEDV pigs at dpi 5, but no difference between treatments at dpi 20.  
 In jejunum mucosal scrapings, there was no significant (P > 0.05) interactions of treatment 
and dpi on gluconeogenic enzyme activities. There was a tendency (P = 0.060) for a treatment by 
dpi interaction for F1,6BP activity driven by the overall increased activity in mucosal scrapings of 
Control pigs compared with PEDV pigs.  
 
Discussion 
Pigs inoculated with PEDV had reduced ADFI and ADG during the first week post 
inoculation compared with naïve counterparts (Schweer et al., 2015b; Curry et al., 2017a). Over a 
42 day PEDV challenge period in nursery pigs, PEDV reduced whole body protein accretion and 
growth compared with naïve counterparts (Curry et al., 2017a). Thus, it was hypothesized that 
PEDV infection modulated growth performance and tissue accretion, in part by reducing feed 
intake and by augmenting skeletal muscle proteolysis and gluconeogenesis in order to provide 
energy and nutrients to support an activated immune response and recovery of the intestinal 
epithelium. The extent to which muscle and liver metabolism are altered by PEDV has not been 
investigated or defined. Therefore, the objective was to determine the effect of PEDV on nursery 
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pig growth performance and partitioning of energy and nutrients during peak PEDV infection and 
recovery. 
In the current study, all PEDV pigs were positive for PEDV in feces by dpi 5, which is 
consistent with previous reports (Madson et al., 2014; Jung et al., 2015; Jung and Saif, 2015). A 
reduction in ADFI and ADG was expected based on results from previous work (Kim and Lee, 
2014; Schweer et al., 2015b; Curry et al., 2017a) and because appetite and feed intake is generally 
reduced during an immune response (Johnson, 1998). In the field, there is wide variation of PEDV 
infection in pigs from subclinical, mild, to severe, and severe with co-infections; however, there 
are no data on the estimated prevalence of each severity class. Surprisingly, there was no 
significant overall, or initial (dpi 0 – 5) reductions in ADG or ADFI due to PEDV infection in the 
current study.  In fact, ADFI was increased overall due to PEDV challenge compared to Control 
pigs, and this was most evident at dpi 6 – 20. These data are contrary to what has been previously 
reported which PEDV reduced ADG and ADFI from dpi 0 – 7 by 46 – 78 and 23 – 28%, 
respectively compared with naïve counterparts (Schweer et al., 2015b; Curry et al., 2017a). One 
possible explanation could be differences in PEDV infection severity. To evaluate why there was 
no statistical differences between our two treatments in regards to feed intake and to confirm that 
the feed intake of Control pigs was as expected, the Swine National Research Council modelling 
module (NRC, 2012) was utilized to predict feed intake based on dpi 0 BW of each treatment 
group and dietary energy. Given these parameters, the Control pigs where consuming feed close 
to their level of predicted during dpi 0 – 5 and PEDV pigs consumed approximately 27% less than 
their predicted. Although ADG and ADFI were not statistically different between treatments from 
dpi 0 – 5, these slight reductions in PEDV pigs ADG and ADFI compared with Control pigs 
resulted in reduced G:F. In the current study, there was a 36% reduction in PEDV pigs feed 
116 
 
efficiency from dpi 0 – 5 compared with Controls which is similar to the 28% reduction in feed 
efficiency reported in 5 week post-weaned pigs inoculated with PEDV compared with their naïve 
counterparts from dpi 0 – 7 (Schweer et al., 2015b).  
It was hypothesized that feed efficiency was reduced in PEDV pigs due to availability of 
nutrients in the lumen being utilized by the intestine during infection and recovery. Upon PEDV 
infection, enterocytes undergo apoptosis (Jung and Saif, 2015) to rid the host of virus which can 
result in reduced absorptive capacity of the small intestine (Curry et al., 2017b). Previous work 
reported that PEDV detected by IHC is most abundant at dpi 5 and this coincides with increased 
crypt stem cell proliferation, DNA fragmentation, and active glutamine transport in the jejunum 
(Curry et al., 2017b). In agreement with the current study, it has been well characterized that during 
peak infection  PEDV reduces villus height (Stevenson et al., 2013; Madson et al., 2014) and that 
PEDV increases villus fusion as well as immune cell infiltrates (Schweer et al., 2015a). Crypt stem 
cell proliferation has been assessed using Ki-67 IHC and PEDV inoculated pigs been shown to 
have  increase Ki-67 positive cells in small intestinal crypts (Jung et al., 2015; Curry et al., 2017b) 
which the current study agrees with. The increased crypt stem cell proliferation was most likely 
due to rapid re-epithelialization of denuded villi observed in PEDV pigs at dpi 5 which would 
require increased glutamine transport as the main energy substrate for enterocytes (Burrin and 
Stoll, 2009) or as a precursor for synthesis of purines, glutathione, or acute phase proteins (Reeds 
et al., 1994). The supply of energy and nutrients to the intestine is needed to regain absorptive 
capacity, but also needed by resident immune cells for proliferation and synthesis of effector 
molecules to rid the host of the pathogen (Humphrey and Klasing, 2004). If energy and nutrients 
ingested and absorbed by the animal are not enough for immune cell proliferation and activation, 
then body tissue reserves such as amino acids and fatty acids may be required to provide those 
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substrates. This in turn would likely exacerbate decreases in feed efficiency of livestock during 
pathogen challenge which is report herein.  
Enteric virus infections have been shown to increase intestinal epithelial protein translation 
machinery (Rhoads et al., 2007). To further understand what was contributing to the reduction in 
G:F, it was tested to see if there was an increase in intestinal epithelial protein synthesis translation 
efficiency by assessing the protein to RNA ratio in PEDV and Control pig jejunal scrapings at dpi 
5 and 20. Although there was no difference in this ratio between treatments within dpi, PEDV pigs 
tended to have greater protein to RNA ratio at dpi 20 compared with dpi 5. This may indicate that 
efficiency and machinery for protein synthesis was increased in PEDV pigs, but that increase may 
be after dpi 5. Active (phosphorylated) p70S6K protein abundance was increased in jejunum of pigs 
inoculated with rotavirus compared with naïve counterparts (Rhoads et al., 2007). p70S6K is protein 
involved in the mammalian target of rapamycin (mTOR) pathway which is understood to be 
involved in the initiation of protein synthesis. In malnourished and rotavirus-infected pigs, 
(phosphorylated) p70S6K protein abundance was also increased in the jejunum, but reduced in the 
muscle compared with naïve counterparts (Rhoads et al., 2007). Rotavirus, similar to PEDV, 
infects enterocytes and causes similar clinical signs of diarrhea and dehydration (Hagbom et al., 
2011; Holloway and Coulson, 2013). Collectively, these data demonstrate that the intestine has to 
rebuild an epithelial layer after PEDV infection in order to regain absorptive capacity. The 
rebuilding intestinal epithelial layer requires energy and nutrients for recovery and those may be 
coming from muscle, jejunum, liver, or combination of the three. 
Feed efficiency may also be altered due to changes in post-absorptive metabolism and 
nutrient partitioning. The metabolic and nutritional cost of activating the immune system has been 
difficult to define due to the complex nature of the immune system, differences in pathogenesis 
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(i.e. viral and bacterial) and responses by the host (i.e. enteric, respiratory or systemic). It is 
generally accepted that during an infection, there is a net loss of nitrogen due to changes in nitrogen 
retention by the host (Coleman and Dubois, 1915). Acute phase proteins are those proteins released 
by the liver early in infection that help orchestrate the immune response. Reeds et al. (1994) 
estimated that 2.33 mg of muscle protein would need to be catabolized in order to supply the AA 
needed to produce 1 mg of acute phase proteins. In the current study, haptoglobin, an acute phase 
protein, was increased in PEDV pigs at dpi 5 compared with Controls, but there was a no difference 
at dpi 5 in serum BUN concentration.  
Muscle contains approximately 60% of total body protein; therefore, changes in muscle 
protein degradation or synthesis can influence whole body protein accretion and AA supply for 
gluconeogenesis (Snell, 1980; Humphrey and Klasing, 2004). Sepsis increased m-calpain protein 
abundance and release of myofilaments from the myofibrillar fraction of the rat extensor digitorum 
longus muscle compared with naïve controls (Williams et al., 1999). These authors hypothesized 
that the disruption of actin and myosin from the Z-disc was calcium-dependent and mediated by 
calpains, calcium-dependent proteinases. In addition, infusing rats with TNF-α or IL-1β, two pro-
inflammatory cytokines, resulted in increased total muscle protein breakdown and increased 
myofibrillar protein breakdown (Zamir et al., 1992). Growing pigs that were inoculated PRRSV 
had no difference in total calpastatin activity, but had increased µ-calpain activity in muscle 
compared with muscle in healthy counterparts at dpi 21 (Lonergan et al., 2015). In 3-d-old pigs 
that were infused with 10 µg/(kg × h) of lipopolysaccharide (LPS) for 14 h then 13.3 µg/(kg × h) 
of LPS for an additional 6 h, protein synthesis in LD was reduced by approximately 13% as 
determined by incorporation of L-[4-3H]phenylalanine and fractional rate of protein synthesis 
calculated (Orellana et al., 2004). Collectively, these studies suggest that during a disease state, 
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there is either a dysregulation of protein synthesis or an increase in muscle proteolysis. However, 
in the current study, there were no differences in unautolyzed µ-calpain (80 kDa) and autolysis 
products (78 and 76 kDa) or calpastatin abundance in LD of PEDV pigs compared with Control 
pigs.  
Although there was no difference in ERMs in LD of PEDV pigs compared with Control 
pigs, there was an increase in 20S proteasome activity at dpi 5 in LD of PEDV pigs compared with 
Controls, but the reverse was observed at dpi 20. However, it is hypothesized that increased release 
of myofilaments from myofibrillar protein is necessary in order for degradation of these 
myofilaments by the proteasome (Williams et al., 1999; Hasselgren, 2000).  This suggests that the 
timing of our sampling may not have been early enough in infection period to capture increases in 
ERMs production or that the 20S proteasome is utilizing cytosolic proteins. At dpi 20, it appears 
that PEDV may be conserving muscle mass as the abundance of calpastatin was numerically 
increased and activity of 20S proteasome was reduced compared with Control pigs.   
Pigs inoculated with PEDV had increased insulin to glucose ratios compared with Control 
pigs regardless of dpi, indicating that PEDV reduced insulin sensitivity. It has been demonstrated 
in neonatal rats that infusing insulin, while maintaining fasting levels of amino acids and glucose, 
resulted in increased protein synthesis in muscle, but this response decreased with developmental 
stage (Davis et al., 2000). In septic rats infused with increasing levels of insulin, protein synthesis 
increased in extensor digitorum longus muscle compared with healthy counterparts; however, 
protein breakdown was not inhibited as insulin increased (Hasselgren et al., 1987) indicating that 
response to insulin in muscle only influenced protein synthesis and not degradation. It has been 
suggested that pro-inflammatory cytokine IL-1β inhibits the anabolic effect of insulin in muscle 
(Klasing and Johnstone, 1991). Although insulin sensitivity was reduced, there appeared to be no 
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difference in efficiency of translation in LD of PEDV and Control pigs as measured by protein to 
RNA ratios. However, as discussed previously, Rhoads et al. (2007) demonstrated a (~50%) 
decrease in the active state of protein translation initiation machinery in the semitendinosus muscle 
of pigs inoculated with rotavirus at dpi 1 and 3 compared with naïve counterparts.  
 During an immune response, the utilization of dietary AA shifts from lean growth to 
production of glucose for energy (Klasing and Johnstone, 1991) and this is speculated to be 
contributing to the reductions in feed efficiency in PEDV challenged pigs. As gluconeogenesis is 
important for maintenance of blood glucose when hepatic glycogen stores begin to deplete 
(Watford, 2005), activities of enzymes that bypass the irreversible steps of glycolysis for 
gluconeogenesis were determined in liver and jejunum during PEDV infection. It was 
hypothesized that gluconeogenesis would provide glucose for ATP needed to combat infection 
and regeneration of the intestine and keto acids for metabolism. The liver is the main generator of 
endogenous glucose production (Mittelman and Bergman, 1998); however, the intestine is also 
gluconeogenic and may contribute to glucose production during various disease states.  Glutamine 
is the main precursor for glucose production from the small intestine which can provide 
approximately 20% of systemic endogenous glucose production (Croset et al., 2001). Schweer et 
al. (2015a) and Curry et al. (2017b) demonstrated that during PEDV infection, the jejunum 
increases active transport of glutamine. In addition, glutamine has been shown to increase ornithine 
decarboxylase activity, an important enzyme for pyrimidine synthesis, and incorporation of 
[3H]thymidine, an indicator of increased protein synthesis (Kandil et al., 1995). We speculate that 
the increased feed intake observed in PEDV pigs was sufficient in supplying energy and nutrients 
to the intestinal epithelium for restitution thus explaining why we did not observe any difference 
between treatments within dpi in jejunum or liver gluconeogenic enzyme activities. 
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The objective of this study was to determine how PEDV infection influenced growth 
performance and amino acids and energy repartitioning in nursery pigs. We hypothesized that pigs 
inoculated with PEDV would decrease feed intake and growth, resulting in altered feed efficiency 
and repartitioning of energy away from lean growth. Our data indicate that the small intestinal 
villus epithelium was denuded during PEDV infection and that there was increased proliferation 
to recover absorptive capacity. We hypothesized that PEDV would increase muscle proteolysis 
and liver and jejunum gluconeogenesis to provide energy and AA to the recovering epithelium; 
however, we did not observe degradation of myofibrillar protein in LD or increased 
gluconeogenesis in either liver or jejunum during peak PEDV challenge. This suggests that luminal 
nutrients were important for recovery of the intestinal epithelium of PEDV inoculated pigs; 
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Table 4.1. Diet composition, as-fed basis 
Ingredient %, as-fed 
Corn 50.76 
Soybean meal, 48% CP 19.00 
Soybean oil 1.73 
Fishmeal, menhaden 4.50 
Limestone 0.35 
Whey, dried 20.00 
Meat and bone meal 2.04 






Vitamin-mineral premix1  
  Calculated Composition  
    ME, kcal/kg 3,408 
    SID2 Lys, % 1.35 
    STTD3 P, % 0.40 
1Premix supplied (per kg of diet): 8,820 IU vitamin A, 1,653 IU vitamin D3, 33.1 IU vitamin E, 
4.4 mg vitamin K, 6.6 mg riboflavin, 38.9 mg niacin, 22.1 mg pantothenic acid, 0.04 mg vitamin 
B12, 1.1 mg I as potassium iodide, 0.30 mg Se as sodium selenite, 60.6 mg Zn as zinc oxide, 36.4 
mg Fe as ferrous sulfate, 12.1 mg Mn as manganous oxide, and 3.6 mg Cu as copper sulfate. 
2SID = standardized ileal digestibility. 





Table 4.2. Porcine epidemic diarrhea virus (PEDV) detection in feces of pig inoculation with 
PEDV at day post inoculation (dpi) 2, 5, 10, 15 and 20.1  
 dpi   
Parameter 2 5 10 15 20 SEM P-value 
Ct2 29.15a 21.01b 31.52a 32.69a 33.50a 1.826 <0.001 
Positive/Total3 5/8 8/8 6/8 2/8 1/8   
1Control pigs remained negative for PEDV throughout the duration of the study. 
2Ct = cycle threshold. Ct value ≥ 35 is considered negative for PEDV.  
3Positive pigs out of total pigs swabbed at that dpi. Pigs were considered positive for PEDV 
presence in feces when Ct < 35. 
 
 
Table 4.3. Growth performance of naïve (Control) and pigs inoculated with porcine epidemic 
diarrhea virus (PEDV) over 20 days.1 
 Treatment   
Parameter, kg Control PEDV SEM P-value 
Start BW 8.06 8.85 0.496 0.280 
End BW 17.89 17.72 1.051 0.912 
dpi 1 – 5       
  ADG 0.28 0.18 0.049 0.156 
  ADFI 0.39 0.35 0.047 0.493 
  G:F 0.70 0.45 0.077 0.039 
dpi 6 – 20       
  ADG 0.55 0.52 0.034 0.433 
  ADFI 0.63 0.79 0.053 0.047 
  G:F 0.90 0.66 0.050 0.003 
dpi 0 – 20      
  ADG 0.49 0.44 0.033 0.328 
  ADFI 0.57 0.68 0.043 0.088 
  G:F 0.88 0.66 0.046 0.004 




Table 4.4. Morphology, stem cell proliferation, and lesion scores in the jejunum of naïve (Control) 
and porcine epidemic diarrhea virus (PEDV) inoculated pigs at day post inoculation (dpi) 5 and 
20.1 
 dpi   
 5 20  P-value 
Parameter Control PEDV Control PEDV SEM Trt dpi trt x dpi 
Morphology2          
  VH, µm  288b 190c 348a 355a 15.310 0.006 <0.001 0.002 
  CD, µm 255 219 232 240 15.260 0.958 0.373 0.662 
  VH:CD 1.31x 0.88y 1.53x 1.57x 0.119 0.110 <0.001 0.054 
Ki673 43c 57a 49b 52b 1.446 <0.001 0.493 0.001 
Protein4, % 6.96ab 6.15b 6.80ab 7.68a 0.331 0.904 0.048 0.017 
RNA4, % 0.13 0.14 0.14 0.14 0.017 0.581 0.536 0.877 
Protein:RNA 57.81x 45.94y 42.28y 51.87xy 5.277 0.831 0.373 0.053 
Lesion Scores5         
  0 4/8 0/8 3/8 6/8 . . . <0.001 
  1 4/8 1/8 5/8 2/8 . . . . 
  2 0/8 5/8 0/8 0/8 . . . . 
  3 0/8 2/8 0/8 0/8 . . . . 
1Represented by 8 observations per treatment per time. 
2VH = villus height; CD = crypt depth 
3Cells positive for Ki67 were counted in 3 intact villi of correct orientation and an average per villi 
was calculated. Ki67 is a marker for stem cell proliferation. 
4Represented as a percent (g/g) of tissue  
5LS = lesion score: 0 = normal; 1 = mild villus blunting with rare fusion; 2 = moderate villus 
blunting and fusion with lymphoid infiltration; 3 = severe villus blunting and fusion with lymphoid 
infiltration. The interaction of treatment and dpi significantly influenced lesion score in the 





Table 4.5. Serum parameters in naïve (Control) and porcine epidemic diarrhea virus (PEDV) 
inoculated pigs at day post inoculation (dpi) 5 and 20.1 
 dpi   
 5 20  P-value 
Parameter Control PEDV Control PEDV SEM trt dpi trt x dpi 
Glucagon, pg/mL 132 135 205 148 25.517 0.304 0.104 0.252 
Glucose, mg/dL 96b 83b 105b 130a 8.002 0.463 0.002 0.024 
Insulin, ng/mL 0.09b 0.18b 0.17b 0.51a 0.044 <0.001 <0.001 0.010 
Insulin:Glucose2 2.60c 7.29b 4.57bc 11.18a 1.203 <0.001 0.021 0.433 
NEFA3, mEq/L 0.16a 0.20a 0.09b 0.09b 0.023 0.534 0.005 0.473 
BUN4, mg/dL 6.78a 5.68ab 6.46ab 4.81b 0.599 0.030 0.328 0.643 
Haptoglobin, µg/mL 280y 460x 240y 224y 57.350 0.162 0.023 0.100 
1Estimates are represented by 8 observations per treatment per time. 
2Units in mol:mol/L x 10-9 
3NEFA = non-esterified fatty acids 




Table 4.6. Proteolysis markers in longissimus dorsi of naïve (Control) and porcine epidemic 
diarrhea virus (PEDV) inoculated pigs at day post inoculation (dpi) 5 and 201. 
 dpi   
 5 20  P-value 
Parameter Control PEDV Control PEDV SEM trt dpi trt x dpi 
Calpastatin, AU2 1.00 1.05 0.40 0.77 0.125 0.092 <0.001 0.201 
µ-Calpain3, %         
  80 kDa 44.28 47.54 54.18 52.84 3.802 0.802 0.051 0.548 
  78 kDa 18.74 16.03 26.42 28.03 3.259 0.865 0.004 0.511 
  76 kDa 36.98 36.44 19.40 19.14 3.408 0.907 <0.001 0.967 
Myofibrillar 
protein4, mg 
31.78 32.89 23.68 24.35 2.250 0.696 0.009 0.921 
ERMs5, mg 0.06 0.06 0.05 0.07 0.01 0.303 0.698 0.247 
ERMs6, % 0.20 0.20 0.22 0.31 0.041 0.324 0.112 0.325 
Protein:RNA 24.69 26.31 25.20 23.29 2.807 0.958 0.659 0.534 
20S proteasome7 20.97b 28.59a 17.24b 9.81c 2.477 0.970 <0.001 0.005 
1Estimates are represented by 8 observations per treatment per time. 
2AU = arbitrary units relative to Control at dpi 5 
3Protein density percentages of unautolyzed 80 kDa µ-calpain subunit and its 78 and 76 kDa 
subunit autolysis products 
4Obtained from 1.5 g frozen LD 
5ERMs = easily releasable myofilaments 
6Represented as a percent of crude myofibrillar protein extraction 
720S proteasome activity measured as µM of released fluorescent 7-Amino-4-methylcoumarin 
(AMC) from LLVY-AMC per mg protein.  
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Table 4.7. Gluconeogenic enzymatic activity in liver and jejunum mucosal scrapings of naïve 
(Control) and porcine epidemic diarrhea virus (PEDV) inoculated pigs at day post inoculation 
(dpi) 5 and 201. 
 dpi   
 5 20  P-value 
Parameter Control PEDV Control PEDV SEM trt dpi trt x dpi 
Liver          
  PEPCK2 1.00 0.97 1.20 1.20 0.087 0.829 0.018 0.893 
  F1,6BP3 1.56 1.52 0.62 0.90 0.202 0.571 <0.001 0.439 
  G6P4 0.12ab 0.15a 0.12ab 0.06b 0.023 0.591 0.042 0.043 
Jejunum         
  PEPCK2 68.74 65.27 61.10 64.53 15.127 0.999 0.784 0.822 
  F1,6BP3 16.12x 11.00xy 13.22y 12.66y 1.165 0.021 0.598 0.060 
  G6P4 1.13 1.08 1.16 1.13 0.107 0.724 0.699 0.902 
1Estimates are represented by 8 observations per treatment per time.  
2PEPCK = phosphoenolpyruvate carboxykinase (µM ATP/min/g tissue) 
3F1,6BP = fructose 1,6-bisphosphatase (µM NADPH/min/g tissue) 







CHAPTER 5. GENERAL CONCLUSIONS 
Pigs are exposed to enteric and respiratory pathogens throughout all stages of production 
that can cause morbidity and mortality. However, suckling and nursery pigs tend to be more 
susceptible to pathogens because they are still developing their gastrointestinal tract (GIT) and 
immune function. Further, newborn pigs lack defined crypts and have only few pluripotent stem 
cells (Vidrich et al., 2006) which decreases their ability to regenerate the epithelium if it becomes 
damaged. Two newer pig enteric pathogens to the United States include porcine epidemic diarrhea 
virus (PEDV) and porcine deltacoronavirus (PDCoV). Both of these viruses are of the family 
Coronaviridae (Woo et al., 2010; Yoon, 2012) and infect pig enterocytes. After 1 year of PEDV 
presence in the United States, approximately 7 – 8 million piglets died and resulted in an estimated 
loss due to the virus between $900 million and $1.8 billion (Paarlberg, 2014). Clinical disease 
signs for both viruses include diarrhea, dehydration, and anorexia. In newborn pigs, PEDV 
infection can lead to mortality approaching 100% (Stevenson et al., 2013); however, PDCoV 
infection results in lower mortality rates between 30 – 40% (Wang et al., 2014). Although there 
have been several studies that has focused on the molecular characterization of these enteric viruses 
(Hoang et al., 2013; Lawrence et al., 2014; Li et al., 2014; Homwong et al., 2016), there has been 
surprisingly little data on the effects these viruses on growth performance and intestinal function 
and integrity in older nursery-grower pigs. In addition, most of the published data to date has 
primarily focused on using suckling pigs (Jung et al., 2015b; Ma et al., 2015; Jung and Saif, 2017) 
or cell lines (Zhao et al., 2014; Chen et al., 2015; Jung et al., 2016a). Therefore, the overall 
objective of this dissertation was to characterize and understand how enteric coronaviruses, such 
as PEDV, modulate older nursery pig performance and metabolism. These new data would identify 
the significance of these viruses on nursery-grower pigs and also enable the swine industry to 
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develop better management strategies to enhance pig recovery, health, productivity, and well-
being.  
Similarly to suckling pigs, we hypothesized that enteric coronavirus infection would reduce 
pig performance, disrupt intestinal function and barrier integrity, and repartition energy and 
nutrients away from lean tissue accretion. Three experimental chapters were conducted to address 
this overall objective. The objective of the first experiment in this dissertation (Chapter 2) was to 
determine and compare how PEDV or PDCoV modulate nursery pig growth performance and 
tissue accretion over a 6 week challenge period. In this chapter, we hypothesized that both PEDV 
and PDCoV would reduce growth performance in nursery pigs and this would result in an overall 
reduction in whole body protein accretion. Pigs experimentally inoculated with PEDV had greater 
amounts of PEDV in feces at day post inoculation (dpi) 4, whereas PDCoV pigs had greater 
PDCoV present in feces at dpi 3. Regardless, all challenged pigs were not shedding detectable 
levels of respective virus in feces after dpi 5. During the first week post inoculation (wpi), PEDV 
pigs had reduced ADG, ADFI, and G:F compared with Controls, which is consistent with 
published data (Schweer et al., 2015b); however, during the same period, PDCoV pigs had similar 
ADG, ADFI, and G:F to Controls. This latter result was surprising, as PDCoV pigs did not have 
reduced growth performance as hypothesized even though they were confirmed positive for 
PDCoV. However, nursery pigs infected with PDCoV typically have less mortality than pigs 
infected with PEDV. To our knowledge, this is the first study that reports ADG, ADFI, and G:F 
of nursery pigs inoculated with PDCoV as previous studies in suckling pigs had reported only BW 
change or ADG (Chen et al., 2015; Ma et al., 2015). The severe reductions in growth performance 
of PEDV pigs within the first wpi resulted in an overall 6 week reduction in ADFI and BW 
compared with Controls. Additionally, we estimated that if the PEDV pigs continued to perform 
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as they did during the last 2 wpi, it would take an extra 18 days for these infected nursery pigs to 
reach a final market BW of 127 kg. Therefore, there is a long-term impact of PEDV challenge 
despite the relatively quick rebound in feed intake after virus is no longer being shed in feces.  
 To our knowledge, the experiment discussed in Chapter 2 was the first to determine whole 
body tissue accretion rates of pigs inoculated with PEDV or PDCoV. Understanding protein 
accretion rates also allows one to understand amino acid requirements and metabolism. 
Surprisingly, only a few published data sets are available on the effect of live pathogen challenges 
on whole body composition and accretion in growing pigs (Escobar et al., 2002, 2004; Gabler et 
al., 2013). Although dependent on pathogen, time of inoculation, duration, and age, these authors 
have reported reductions in protein accretion rates for porcine reproductive and respiratory 
syndrome virus (PRRSV) range from 14 to 41% compared with their respective naïve counterparts. 
In Chapter 2, PEDV pigs had approximately 21% less protein accretion compared with Controls. 
Similarly, they consumed approximately 20% less feed from 0 – 42 days.  Thus, we hypothesized 
that reductions in protein accretion were primarily due to reductions in feed intake. To test this 
hypothesis, we calculated the amount of the first limiting amino acid lysine (Lys) needed to support 
the 82.8 g/d protein accretion in PEDV pigs. This was estimated to be 9.52 g/d Lys. Using the 
overall (dpi 0 – 42) ADFI, PEDV pigs consumed approximately 10.77 g/d Lys which was adequate 
to supports their protein accretion and thus, not limiting for growth. Therefore, the reduced protein 
accretion in PEDV pigs compared with Controls is most likely not feed intake driven, but related 
to protein turnover.  
In general, appetite is reduced during immune activation due to circulating pro-
inflammatory cytokines such as tumor necrosis factor (TNF) α, interleukin (IL)-1β, and IL-6 
(Johnson, 1998). In addition, one of the first responses to an infection is the production and 
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secretion of acute phase proteins by the liver to help orchestrate the immune response. Increased 
protein synthesis in the liver coupled with reduced feed intake during an immune challenge may 
require mobilization of AA from muscle to provide substrates for protein synthesis (Reeds et al., 
1994) which could be a possible mechanism for reduced lean tissue accretion. Another possibility 
would simply be the reduction in feed intake or a combination of both. 
One could speculate that decreased whole body protein accretion over the 6 week period 
in PEDV pigs observed in Chapter 2 may be due to a different requirement of amino acids or 
energy to amino acid ratio for health-challenged pigs. Thus, changing diet composition during a 
PEDV challenge could be a possible strategy to ameliorate the negative impact on protein accretion 
and warrants investigation. However, implementing a diet change once it has been recognized that 
the pigs have PEDV may be impractical due to timing and challenges with voluntary feed intake 
that will most likely accompany sick pigs. Diet modulation has been attempted in pig using 
inflammation models. van Heugten et al. (1996) demonstrated that increasing energy density or 
total amino acid supply (van Heugten et al., 1994) did not ameliorate reductions in growth 
performance during lipopolysaccharide challenge in pigs. Changing diet composition in 
anticipation of a pathogen challenge may only be beneficial if the energy and nutrient requirements 
and predicted feed intake of pigs challenged with the anticipated pathogen has been determined. 
Unfortunately, the energy and nutrient requirements of pigs challenged with various pathogens 
have not been generated yet. 
 Because PDCoV challenge did not result in lighter BW pigs at the end of the 6 week study, 
we decided to focus on PEDV and its impact on intestinal function and integrity (Chapter 3) and 
metabolism (Chapter 4). Previous work has demonstrated that during peak infection, PEDV 
modulates intestinal integrity, nutrient transport (Schweer et al., 2015a), tight junction organization 
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(Jung et al., 2015b), and intestinal cell turnover (Kim and Lee, 2014; Jung et al., 2015a). However, 
these studies focus on one time point or a few time points all within a timeframe of peak PEDV 
infection (dpi 2 – 5) without investigating recovery or intestinal restitution. Therefore, the 
objective of Chapter 3 was to investigate the longitudinal impact of PEDV on nursery pig intestinal 
integrity and function over a 14 day challenge period. As the jejunum is the major site of nutrient 
digestion and absorption and a major site for PEDV infection, we characterized intestinal function 
and integrity of the jejunum at dpi 2, 5, 7, and 14. Our strategy was to capture time points that 
would encompass times of greatest viral presence in feces (dpi 2 and 5) and when pigs would no 
longer be shedding detectable PEDV in feces by PCR (dpi 7 and 14).  In agreement with previous 
work in nursery pigs (Schweer et al., 2015a), PEDV reduced villus height at dpi 5 which coincided 
with reduced transepithelial resistance (TER); however, there was no difference in macromolecule 
(4.4 kDa dextran) permeability in the jejunum compared with naïve counterparts. The reduction in 
villus height and TER at dpi 5 coincided with reduced Na+/K+ ATPase and brush border 
disaccharidase activity compared with Controls. The structural integrity of intestinal epithelium is 
in part governed by proteins located between cells called tight junction proteins. Tight junction 
proteins are believed to have the greatest impact on intestinal integrity because they are located 
closest to the apical side of the epithelium and include ZO-1, claudin, and occludin proteins (Shen 
et al., 2011). We determined via IHC that PEDV reduced both Claudin 2 (pore-forming) and 4 
(seal-forming) stain intensities compared with Controls and the reduction of Claudin 4 stain 
intensity was significantly influenced by PEDV IHC status. Collectively, to our knowledge this 
relationship has not been previously researched.  
 Enteric coronavirus infection is also associated with significant intestinal epithelial atrophy 
and apoptosis (Saif et al., 2012; Jung and Saif, 2015). Apoptosis is a key process to rid the host of 
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viruses as viruses are obligate intracellular parasites and therefore, require host machinery in order 
to replicate. Although there are different pathways in which apoptosis can be activated (extrinsic, 
intrinsic, and perforin/granzyme), they lead to a common execution pathway that results in DNA 
fragmentation and morphological features such as chromatin condensation and degradation of the 
nucleus (Elmore, 2007). In Chapter 3, apoptosis was assessed using the TUNEL assay (to measure 
DNA fragmentation) and caspase 3/7 activity. We found that PEDV tended to increase TUNEL 
positive cells in the jejunum regardless of dpi. However, Controls had increased TUNEL positive 
cells as dpi increased. We suspect this is due to increased cell turnover as villus height increased 
with dpi. Interestingly, caspase 3/7 activity was decreased as dpi increased for Controls; however, 
in PEDV pigs, caspase activity was greatest at time points when TUNEL positive cells were 
greatest. Although in vitro data suggest that apoptosis in PEDV is activated via a caspase-
independent mechanism (Kim and Lee, 2014), we speculate that the executioner caspase pathway 
was contributing to in vivo apoptosis during PEDV infection in our nursery pigs (Chapter 3).  
  Another key finding of this experiment (Chapter 3) was the impact of PEDV on goblet cell 
acidic mucin composition (sulfomucins and sialomucins) in jejunum. The composition of goblet 
cell mucin depends on glycosyltransferases located in the Golgi that change the composition of 
oligosaccharides that branch from a protein backbone to contain more sulphates or sialic acid 
resulting in different classifications (Roberton and Wright, 1997). Pigs inoculated with PEDV had 
greater total acidic mucins compared to Controls, regardless of dpi. In addition, the sulfomucin to 
sialomucin ratio increased at dpi 2 and 5, but decreased the ratio at dpi 14, and no difference was 
reported at dpi 7 compared with Control jejunum sections. This is the first study that has 
differentiated the acidic mucins during PEDV infection. Previous work has evaluated the effects 
of PEDV on neutral and acidic mucin composition in jejunum via periodic-acid Schiff (PAS) and 
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Alcian Blue (AB) stain, respectively in 9-d-old and 26-d-old pigs at dpi 1, 3, and 5 (Jung and Saif, 
2017). In their 9-d-old pigs, acidic and neutral mucins were reduced at dpi 1 and 3, whereas in 26-
d-old pigs, acidic and neutral mucins were reduced at dpi 3 and 5 compared with naïve counterparts 
which further supports the age-dependent pathogenesis of this virus. Similarly, we observed in 
Chapter 3 that total acidic mucins were reduced at dpi 2 in PEDV pigs compared with Controls; 
however, we did not observe any difference between treatments dpi 5 and sialomucins increased 
at dpi 7 and 14 in PEDV pigs compared with Controls. As acidic mucins have been shown to be 
resistant to bacterial degradation (Roberton and Wright, 1997), we speculate that increasing acidic 
mucins after infection may be a mechanism by which PEDV infected pigs generate a barrier for 
protection against future insult. However, a different interpretation of the data is that PEDV 
challenge increased sialomucins because sialic acid has been shown to be a receptor for various 
viruses (Wasik et al., 2016) including rotavirus (Willoughby, 1993) thereby making the host more 
susceptible to infection. Further investigation of the role of sulfomucins and sialomucins in viral 
pathogenesis, neutralization, and/or protection needs to be explored. It would be interesting to 
investigate the influence of dietary components on mucin composition (Hino et al., 2012) and if 
there is a more favorable ratio that can be targeted in order to minimize pathogen adhesion.    
While much attention has been given to newborn and suckling pigs (Jung et al., 2015a; 
Jung and Saif, 2017), the overall body of work in this thesis has demonstrated both the short-term 
and long-term impact of enteric coronaviruses on nursery pigs. We demonstrated that during 
PEDV infection, the small intestine is increasing crypt stem cell proliferation to rebuild surface 
area of the epithelium which is simultaneously undergoing apoptosis to rid itself of the virus 
(Chapter 3). A hallmark of coronavirus infection is epithelial cell shedding and denuding, villus 
atrophy and fusion, and increased immune cell infiltrates (Jung and Saif, 2015; Schweer et al., 
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2015a; Jung et al., 2016b). The intestinal epithelium is very resilient and the damaged surface area 
and digestive function is typically recovered by dpi 7; however, there is a lasting impact of PEDV 
shown by an increase total acidic mucins. PEDV pigs had increased total acidic mucins even after 
virus was no longer present indicating that the pig may be compensating for reduced barrier 
function or increasing its defense against pathogens as acidic mucins are suspected to be more 
resistant to bacterial degradation. In support of this, rotavirus infected mice were shown to have 
increase total acidic mucins and those were mainly due to an increase in sialomucins versus 
sulfomucins (Boshuizen et al., 2005). These researchers speculated that increased sialomucins 
allowed for increased virus neutralization and was thus part of innate immunity to rid the body of 
pathogens.  However, the effect of pathogens on mucin composition over time is an area that still 
needs to be research in order to be understood. 
 The reduction in growth performance and lean tissue accretion, coupled with a demand for 
resources by the intestinal epithelium during PEDV infection, led us to hypothesize that energy 
and nutrients would be partitioned away from lean tissue growth towards immune system 
activation and recovery of damaged tissue during PEDV infection. Therefore, the objective of 
Chapter 4 was to determine how PEDV influenced growth performance and repartitioning of 
energy and nutrients during peak infection and during recovery in nursery pigs. In this chapter, all 
pigs were positive at dpi 5 for PEDV in feces and 7 of the 8 pigs sampled were negative by dpi 20. 
This was a more prolonged presence of PEDV compared with the time course of PEDV shedding 
in feces observed in Chapter 2. This could be due to difference in genetics utilized in the two 
studies or the age difference between studies. Pigs used in Chapter 2 were approximately 1 week 
older than the pigs used in Chapter 4. In Chapter 4, we found that over a 20 day period, PEDV 
pigs had significantly reduced feed efficiency, but similar feed intake compared with Controls. 
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PEDV infection resulted in increased villus atrophy and this was accompanied by an increase in 
crypt stem cell proliferation in the jejunum at dpi 5, but not dpi 20, compared with Controls. These 
data were similar to that which we reported in Chapter 3. There tended to be reduced efficiency of 
protein translation, as measured by protein:RNA ratio, in the jejunum of PEDV pigs at dpi 5, but 
this parameter rebounded to Control level by dpi 20. This indicated that there may have been a 
reduction in translation efficiency or that there was an increase in cell damage and apoptosis that 
ultimately reduced total protein in the jejunum of PEDV pigs at dpi 5, which would agree with 
Chapter 3 findings. In rotavirus infected pigs, abundance of p70S6K, a protein downstream of 
mammalian target of rapamycin (mTOR) a major regulator of protein synthesis translation 
initiation, is reduced in muscle, but increased in jejunum (a site of rotavirus infection). Assessing 
markers of proteolysis, we did observe a slight increase in 20S proteasome activity at dpi 5 in 
PEDV pigs, although we did not observe any other marker of proteolysis in the longissimus dorsi 
(LD) skeletal muscle between treatments within dpi. However, there was an overall increase in 
stem cell proliferation in jejunum of PEDV pigs suggesting that there was increased protein 
synthesis. 
  When considering nutritional strategies to aid in recovery of the intestinal epithelium, the 
amino acids glutamine, arginine, and leucine all appear to be candidates for supplementation as 
they are all stimulators of protein synthesis (Rhoads and Wu, 2009). These amino acids also have 
several other benefits which are reviewed elsewhere (Kandil et al., 1995; Luiking et al., 2005; 
Wang et al., 2009). Glutamine specifically has been shown to be a major energy substrate used by 
the intestine and can be utilized as a precursor in several other metabolic pathways (Windmueller 
and Spaeth, 1974; Windmueller and Spaeth, 1978, 1980). Although the utilization of glucose and 
glutamine by the intestinal epithelium in healthy animals has been characterized by Windmueller 
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et al. in the 1970’s, it is still not fully understood how these molecules are utilized during a 
pathogen challenge or if the utilization changes under different pathogen challenges (i.e. enteric 
versus systemic). Regardless, including soluble glutamine, arginine, or leucine to the water may 
be a practical and beneficial approach to aid in recovery from an enteric pathogen challenge as it 
is relatively quick to implement. Timing, dosage, and duration of amino acid supplementation to 
enhance intestinal restitution and recovery during challenge with different enteric viruses at 
various pig ages is a research area warranting attention. 
 In Chapter 3, serum metabolite and metabolic hormone parameters showed no interaction 
between treatments and dpi (5 or 20) for glucagon, NEFAs, or BUN. At dpi 5, there was an increase 
in serum acute phase protein, haptoglobin, in PEDV pigs compared with Controls which indicates 
an increase in acute phase proteins as is expected with immune stimulation. An interesting finding 
from this study is the increase in insulin to glucose ratio at dpi 5 and 20 in PEDV pigs compared 
with Controls. A higher ratio may indicate reduced insulin sensitivity. Although insulin is typically 
an anabolic hormone, during an immune response, the anabolic effect of insulin may be dampened 
due to increased pro-inflammatory cytokines (Klasing and Johnstone, 1991). In addition, cells of 
the immune system increase expression of glucose transporters on the plasma membrane during 
immune stimulation and this can be insulin mediated depending on cell type and glucose 
transporter (Maratou et al., 2007).  
To further evaluate the metabolic consequences of a PEDV challenge on nutrient 
partitioning, we wanted to determine if there was an increase in gluconeogenic enzyme activities 
in the liver and jejunum during PEDV infection (Chapter 4). Gluconeogenesis is the pathway by 
which the body produces glucose from non-glucose sources such as glycerol and amino acid 
carbon backbones (Mittelman and Bergman, 1998) and primarily occurs in the liver. However, 
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under fasting conditions, the small intestine has been shown to contribute to endogenous glucose 
production through gluconeogenesis (Mithieux et al., 2004). Interestingly, glucose utilization by 
immune cells is a prominent feature during immune system activation (Calder, 2007). We therefore 
speculated that during PEDV infection, the jejunum would increase gluconeogenesis to provide 
glucose to resident immune cells in order for them to proliferate and synthesize effector molecules. 
Thus, we chose to evaluate the activities of key gluconeogenic enzymes needed to overcome the 
irreversible steps of glycolysis including: phosphoenolpyruvate carboxykinase (PEPCK), fructose-
1,6-phosphate (F1,6BP), and glucose-6 phosphate (G6P). To our knowledge, there is no published 
data on the effect of pathogen challenge on gluconeogenesis in pigs. We did not observe any 
difference within dpi between treatments; however, there was an increase in G6P activity at dpi 20 
compared with dpi 5 in the liver of PEDV pigs. This coincides with an increase in serum glucose 
and insulin in PEDV pigs compared with Controls at dpi 20. Increased G6P activity would suggest 
that the liver was increasing availability of glucose to other tissues, but this may be coming from 
glycogen and not necessarily gluconeogenesis. These data suggests that liver and jejunum 
gluconeogenesis is not contributing to endogenous glucose production during peak PEDV 
infection in nursery pigs. However, the role of gluconeogenesis during a systemic infection (i.e. 
PRRSV) in pigs has not yet been determined. Perhaps during a severe PRRSV challenge, there 
would be an increased ERMs released in order to provide amino acids for liver gluconeogenesis.  
In this dissertation, we have shown that an enteric coronavirus challenges inconsistently 
modulates feed intake or feed efficiency. In Chapter 2, PDCoV pigs did not have reduced feed 
efficiency compared with Controls, whereas PEDV pigs did within the first wpi. In Chapter 3, 
PEDV pigs did have reduced feed efficiency compared with Controls during dpi 0 – 5 and for 
overall dpi 0 – 20. These discrepancies could be due to virulence between PDCoV and PEDV or 
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due age of pig and diet composition between the two PEDV experiments. The pigs utilized in 
Chapter 3 were inoculated at approximately 1 week post-wean compared with pigs utilized in 
Chapter 2 that were inoculated at approximately 3 weeks post-wean. However, it was anticipated 
that the younger pigs would be more impacted by enteric coronavirus due to the reduced capability 
of the intestine to regenerate, lack of body tissue reserves to aid in energy and nutrient demand, 
and less developed immune system. However, PEDV pigs in Chapter 3 were capable of 
maintaining ADG similar to Controls, albeit they had to consume more feed to do so and were 
therefore, less efficient in G:F. Compared to the diet used in Chapter 2, the diet utilized in Chapter 
3 contained highly digestible and palatable protein sources (whey protein, fish meal, and meat and 
bone meal) which may have promoted feed consumption in these younger pigs. Regardless, there 
is a monetary loss associated with enteric coronaviruses challenges in nursery age pigs whether it 
be in extra feed costs, morbidity, and/or mortality. Although under our experimental conditions 
we did not observe any mortality associated with disease in any of the studies discussed in this 
dissertation, coronavirus infection in the field can also increase mortality rates (Stevenson et al., 
2013).  
 One of the main goals of this dissertation was to characterize and determine the effects of 
PEDV on nursery pig growth performance, intestinal function and integrity, and metabolism to 
provide information that can be used to develop management strategies to enhance recovery, 
health, productivity, and wellbeing of pigs challenged with enteric viruses. One of the first items 
to address is the translatability of the information presented herein to all ages of the growing pig. 
It is known that suckling pigs have greater mortality rates compared with growing pigs (Stevenson 
et al., 2013). This is due to the susceptibility of suckling pigs to dehydration, slower turnover rates 
in epithelial cells (Moon et al., 1973), less muscle and adipose, and a less developed immune 
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system (Jung and Saif, 2015) making it more difficult to combat an enteric coronavirus infection 
compared with nursery-grower pigs. Therefore, it is important to understand the stage of 
development the targeted group of pigs is in when considering management strategies, as its 
physiology may exacerbate enteric viral pathogenesis. In addition, timing becomes even more 
important with younger pigs who most likely will be impacted with the virus sooner and have a 
more severe clinical response.  
 Coronaviruses (PEDV, PDCoV, and transmissible gastroenteritis virus) and rotavirus are 
the main viral enteropathogens in swine that infect villous enterocytes. These viruses cause villus 
blunting and malabsorptive diarrhea. Therefore, mitigations strategies may be similar for both of 
these enteric viruses. In addition to the target areas of research that have been mentioned 
throughout this discussion, another area of interest is that of lactogenic immunity, intestinal 
secretory immunoglobulin A, and T cell development as these are important for immunity against 
enteric viruses (Saif et al., 1994; Poonsuk et al., 2016). Regardless of the type of mitigation 
strategy, the age of the animal, cost and availability of product used for treatment, timing of 
treatment strategy and practicality of treatment need to be considered in order for the intervention 
to be successful.    
 In conclusion, the research included in this dissertation has provided insight into the short-
term and long-term impacts of enteric coronavirus in older nursery-grower pigs. Although PEDV 
reduces intestinal function and integrity during peak infection, pigs are relatively quick to recover, 
typically by dpi 7; however, there are lasting impacts on mucin composition and protein accretion. 
Although a PEDV challenge may be resolved within 7-10 days, we estimated a 20% reduction in 
protein accretion and an extra 18 days to reach a final market BW of 127 kg. PEDV also reduces 
feed efficiency, but does not always reduce feed intake. When PEDV did not reduce feed intake, 
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there was no effect on liver and jejunum gluconeogenesis, and minimal impact on muscle protein 
degradation. Unlike PEDV, PDCoV does not alter overall growth performance or tissue accretion; 
however, this may be due to several factors including age of pig, environment, virus, genetics, etc. 
and in a production setting, PDCoV infection may have a different effect on these parameters.  
Altogether, PEDV causes morbidity in older nursery-grower pigs, decreases feed efficiency, and 
antagonizes whole body protein accretion. Ultimately, this disease increase days to market and 
reduce profitability.     
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APPENDIX: ABSTRACTS SUBMITTED 
What are the nutritional and metabolic costs of immune system activation in pigs? 
N. K. Gabler1, S. M. Curry1, W. P. Schweer1, S. M. Lonergan1, K. Schwartz1, E. R. Burrough1, 
and C. L. Loving2 
1Iowa State University, Ames, IA; 2USDA National Animal Disease Center, Ames, IA.  
ASAS Midwest Meeting, Omaha, NE. March, 2017. 
Optimal lean tissue production can be severely compromised by stress and health 
challenges in grower-finisher pig production systems. Commonly seen enteric and respiratory 
pathogen include Porcine Reproductive and Respiratory Syndrome (PRRS) virus, swine dysentery, 
Porcine Epidemic Diarrhea virus (PEDV), Lawsonia intracellularis, Mycoplasma hyopneumoniae, 
Salmonella typhimurium, and pathogenic E. coli antagonize pig health and performance. Infection 
with these agents can alter feed efficiency, intestinal function, and the economic return for pork 
producers. Significant advances in molecular and quantitative genetics, clinical diagnostics, 
microbiology, and virology have been made to improve the health in pathogen challenged 
commercial pigs, but we are still unsure on how to best feed and manage these animals. 
Collectively, blood metabolite and hormone analyses suggest that there is a major catabolic cost, 
particularly to skeletal muscle, to support the energetic and protein synthesis needs of immune 
system response. Additionally, innate and adaptive responses to intense, prolonged, or poorly-
contained immunological stressors can lead to mitochondrial damage which may impair capacity 
to generate sufficient ATP for homeostasis, limit energy availability (exacerbated by reduced feed 
intake), and compromise cell survival and organ function. These changes in bioenergetics link 
metabolism with inflammation, immune function, cellular and tissue homeostasis, and protection. 
Specific metabolic pathways also affect immune cell differentiation and function, and accordingly 
have an impact on the overall immune response during health and disease. The metabolic state of 
immune cells or “immunometabolism” may provide a signature associated with a particular 
condition or challenge. Therefore, by understanding the metabolic demand of a response to health 
challenges in pig muscle, liver, immune cells, lungs, and intestinal epithelium, we can better 
develop interventions to modulate the immune system or preserve lean tissue. This paper will 
discuss the molecular and physiological impact of pathogenic stress challenges on lean tissue 




Ex vivo translocation of Escherichia coli F18 in the pig ileum that was challenged with 
norepinephrine or adrenocorticotropic hormone compared with controls 
 
S. M. Curry, E. R. Burrough, and N. K. Gabler 
Iowa State University, Ames, IA 
ASAS Midwest Meeting, Omaha, NE. March, 2017. 
Rearing stresses induced by pathogens, weaning, or out of feed events may make pigs more 
susceptible to bacterial infections. One proposed mechanism is through the increased activation of 
the hypothalamic–pituitary axis and the production of adrenocorticotropic hormone (ACTH) or 
norepinephrine (NorE). Previous studies have shown that luminal catecholamines have modulated 
bacterial growth and expression of virulence associated factors. To study the effect of ACTH and 
NorE, we used an F18 Escherichia coli transfected with a red florescent protein (RFP) plasmid, 
which carries ampicillin resistance, to assess bacterial growth in vitro and tissue translocation in 
an ex vivo intestinal model. We hypothesized that NorE or ACTH would increase pathogenic E. 
coli proliferation and translocation in the ileum of pigs. We evaluated E. coli translocation in ex 
vivo ileum explants when the tissue was incubated with Krebs buffer (Control), 10 µM NorE, or 
0.01 µM ACTH in modified Ussing chambers. Prior to our ex vivo studies, 6-well plates containing 
MacConkey agar with ampicillin containing 0 and 0.01 µM ACTH or 0 and 10 µM NorE were 
each inoculated with 300 cfu of RFP-E. coli. After 24 h of incubation, cfu where assessed. There 
was an increase (P < 0.01) in cfu due to NorE (253 cfu)-treated wells compared with Control (227 
cfu) but due to ACTH (233 cfu) treatment. Next, we studied the effect of 0.01 µM ACTH and 10 
µM NorE in ex vivo conditions using 8 pigs at approximately 8 wk of age that were fed a common 
diet for 5 wk. Pigs were euthanized, and ileum sections were flushed and collected. Treatments 
were applied to serosal chamber in modified Ussing chambers: 1) Control, 2) 0.01 µM ACTH, and 
3) 10 µM NorE. Each pig ileum section was represented in each of the 3 treatments. After a 20-
min incubation period, 3 × 108 cfu/mL RFP-E. coli was administered to each mucosal chamber. 
After 60 min, aliquots were taken from serosal chamber and plated, and cfu were determined after 
24 h. Ileum samples that were incubated with ACTH (7,012 cfu) or NorE (2,883 cfu) had greater 
(P = 0.003) translocation of RFP-E. coli compared with Controls (207 cfu) but were not different 
from each other. These data indicate that ACTH or NorE can increase ex vivo translocation of 
RFP-E. coli in the ileum and may partially explain the mechanism in which stress increases 




Assessment of intestinal barrier function over a time course of porcine epidemic diarrhea 
virus (PEDV) challenge in growing pigs 
 
S.M. Curry, N.K. Gabler, K.J. Schwartz, K.J. Yoon, and E.R. Burrough 
Iowa State University, Ames, IA 
24th International Pig Veterinary Society Congress, Dublin, Ireland. June, 2016.  
 In pigs, PEDV causes reduced growth performance, villus atrophy, and impairment of 
intestinal barrier function and integrity. The objective of this study was to determine the extent to 
which a PEDV challenge alters jejunum morphology, epithelial apoptosis, crypt cell 
proliferation, and tight junction proteins over a 14-day infection. 
Thirty-two mixed-sex Choice Genetics maternal line approximately 4 weeks-of-age (BW 
= 9.49 ± 1.38 kg) and naïve for PEDV were allotted into 2 treatments: sham (Controls) and 
PEDV inoculated. Barrows and gilts were distributed equally among 8 pens per treatment and 
allowed free access to a corn-soybean meal based diet and water. The 16 PEDV pigs were 
intragastrically inoculated with 103 TCID50/ml of PEDV isolate on day 0. On 2, 5, 7, and 14 days 
post-inoculation (dpi), 4 pigs per treatment were euthanized for sample collection. Formalin-
fixed samples were paraffin-embedded, sectioned, and stained routinely with H&E as well as 
immunohistochemically for PEDV antigen, tight junction proteins (claudin 4 and claudin 2), and 
cellular proliferation (Ki-67). Villus height, crypt depth and villus:crypt ratios were compared for 
each group. DNA fragmentation (i.e., apoptosis) was assessed by TUNEL assay on sections of 
fixed jejunum. Caspase 3 and 7 activity of frozen samples was also used to assess apoptosis 
using a commercial kit. Treatment, dpi, and treatment by dpi interactions were determined with 
the individual pig as the experimental unit.  
 There was no statistical difference in PEDV IHC score (P = 0.361) among infected pigs 
between 2 and 5 dpi and PEDV antigen was not detected after 5 dpi.  Claudin 2 IHC score was 
greater (P < 0.05) in the villus tip of Controls than PEDV pigs; however, there was no difference 
in claudin 2 along the sides of villi. Claudin 4 staining was numerically lower in PEDV pigs at 2 
and 5 dpi, but this was not statistically significant. The PEDV challenge also resulted in time-
dependent changes in villus height and crypt depth (P < 0.05). PEDV pigs had more (P < 0.001) 
Ki67 positive nuclei detected than Controls. There was an interaction (P < 0.05) between 
treatment and dpi for caspase 3 and 7 activity; Controls had greater activity at 5 dpi, but PEDV 
pigs had greater activity at 7 dpi. No difference between treatments was observed at 2 and 14 
dpi.  
 In summary, PEDV infected pigs had greater cellular proliferation, time dependent 
variability in apoptosis signaling, reduced expression of the barrier protein claudin 2, and 
decreased villus height compared with Controls. This suggests a time dependent impairment of 
intestinal barrier function through at least 5 dpi in PEDV infected pigs. 
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Porcine reproductive and respiratory syndrome virus challenge alters jejunum 
chemosensing mRNA abundance in grower pigs 
 
N. Gabler1, S. Curry1, W. Schweer1, and C. Loving2 
1Iowa State University, Ames, IA; 2National Animal Disease Center, USDA, Ames, IA 
24th International Pig Veterinary Society Congress, Dublin, Ireland. June, 2016.  
Chemosensing in the gut involves G protein-coupled receptors and their associated G 
proteins, including taste 1 receptors (T1Rs) and taste 2 receptors (T2Rs). Sweet taste is recognized 
by T1R2+T1R3 heterodimers and umami flavors by T1R1+T1R3 heterodimers; however, bitter 
perception is detected by an array of T2Rs. Advances in gastrointestinal chemosensing have 
uncovered mechanisms by which specific nutrient and pathogen components evoke multiple 
neuroendocrine and metabolic responses that alter appetite and innate immunity. However, nothing 
is known about how these taste receptors are regulated during pathogenic challenges in pigs. 
Symptoms of porcine reproductive and respiratory syndrome virus (PRRSV) in growing pigs often 
include suppressed growth rates and feed intake. Therefore, the objective of this study was to 
determine the extent to which jejunum bitter and sweet taste receptor mRNA abundance changes 
during a PRRSV challenge in grower pigs. Sixteen mixed-sex pigs approximately ten weeks-of-
age and naïve for PRRSV were allotted into 2 treatments: sham (Controls) and PRRSV inoculated. 
Pigs in the PRRSV group were intranasally inoculated with 105 TCID50/ml of a 1-7-4 PRRS virus 
isolate (day post inoculation (dpi) 0). At dpi 10, all pigs were euthanized. At necropsy, jejunum 
sections were isolated, flushed with saline and mucosal scrapings collected. Total RNA was 
isolated from mucosal scraping, cDNA synthesized and quantitative real-time PCR used to 
determine the mRNA abundance of nutrient transporters and taste receptors. Compared to the 
Controls, PRRSV reduced (P < 0.001) glucose transporter 2 (GLUT2) mRNA abundance (1.00 vs. 
0.27, respectively), but not sodium dependent glucose transporter 1 (SGLT1, P = 0.50). Sweet taste 
receptor T1R1 mRNA abundance was also reduced (P = 0.020) in PRRSV compared to Controls 
(0.52 vs 1.00, respectively); however, there was only a tendency (P < 0.10) for PRRSV to reduce 
T1R2 and T1R3 mRNA abundance. There was no difference (P > 0.10) in bitter taste receptor 
mRNA for T2R38, T2R9 or T2R4 abundance on dpi 10 of PRRSV infection. The fatty acid 
receptor, GPR120, which has been shown to have anti-inflammatory, insulin-sensitizing and 
glucagon like peptide-1 promoting effects was down regulated (P < 0.001) due to PRRSV 
compared to Controls (0.46 vs 1.00, respectively). The short chain fatty acid receptor, GPR41, 
mRNA did not differ (P = 0.24) between groups. In conclusion, PRRSV challenged pigs had 
significant reductions in jejunum T1Rs, GLUT2 and GPR120 mRNA abundance. This may 
indicate changes in intestinal chemosensing induced by PRRSV challenge or could be reflective 




Pigs inoculated with Porcine Epidemic Diarrhea Virus have decreased growth performance 
and tissue accretion compared with Controls after 42 days 
 
Curry, S. M., K. A. Gibson, E. R. Burrough, K. J. Schwartz, K. J. Yoon, and N. K. Gabler 
 
Iowa State University, Ames, IA 
 
ASAS-ADSA Midwest Meeting, Des Moines, IA. March, 2016.  
 
Porcine epidemic diarrhea virus (PEDV) is an Alphacoronavirus and was first identified in 
U.S.  pigs in April 2013. It is known to affect the small intestine to produce clinical signs of 
diarrhea and dehydration and can be fatal in piglets. The objective of this study was to determine 
the longitudinal effect of PEDV infection on nursery pig growth performance and tissue accretion 
rates. Fifty Choice Genetics gilts and barrows (BW = 9.92 ± 0.49 kg) naïve for PEDV were allotted 
into 2 treatment groups with equal barrows and gilts distributed among 8 pens per treatment. The 
treatments were: 1) control (n = 8 pens) and 2) PEDV inoculated (n = 8 pens). At -3 days post 
inoculation (dpi), a subset of 1 pig per pen was scanned live to determine initial body composition 
using a dual-energy x-ray (DXA) absorptiometry machine. On 0 dpi, all 25 PEDV pigs were 
inoculated with 103 TCID50/ml of PEDV via gastric gavage. During 2-14 dpi, 17 pigs per treatment 
were necropsied to monitor disease progression. On 14 dpi, 8 pigs per treatment remained. Over 
the 42 d experimental period, PEDV infection and naivety was confirmed via fecal PCR testing. 
Pen body weights, feed intake, and calculated G:F were recorded on dpi 2, 5, 7 and weekly 
thereafter. At 42 dpi, the same 8 pigs per treatment were DXA scanned again to determine final 
body composition and tissue accretion rates were calculated. Gain to reach 127 kg market BW was 
calculated from average BW at 42 dpi.  All pigs were allowed free access to a corn-soybean meal 
diet and water. Treatment and time effects were determined using pen as the experimental unit. 
There was no difference (P = 0.344) in start BW between treatments. Overall, compared to the 
control pigs, PEDV reduced ADFI (0.92 verses 0.70 kg, P = 0.044) and tended to reduce ADG 
(0.74 verses 0.63 kg, P = 0.056). However, overall G:F was not altered (P = 0.625). Pigs inoculated 
with PEDV had decreased (P < 0.05) whole body accretion (g/d) for fat, lean, and protein 
compared to control pigs (24%, 20%, and 21% reductions, respectively). Pigs inoculated with 
PEDV would need to gain 7% more BW (P = 0.014) than control pigs to reach 127 kg market 
weight. In summary, we have shown that nursery pig exposure to PEDV has a long term negative 
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 Porcine epidemic diarrhea virus (PEDV) is an Alphacoronavirus of the family 
Coronaviridae and was first identified in Iowa pigs in April 2013 (Stevenson et al., 2013). 
Transmissible gastroenteritis virus (TGEV) is also an Alphacoronavirus that shows clinical signs 
similar to PEDV. Porcine deltacoronavirus (PDCoV) of the Coronaviridae family was identified 
in Ohio in January 2014 (Wang et al., 2014). These enteric diseases mainly affect the small 
intestine and produce clinical signs of diarrhea and dehydration in pigs. The impact of these agents 
on growth performance has been described, there are no studies that have compared these three 
viruses simultaneously. Our objective was to determine and effect PEDV, TGEV, and PDCoV 
challenges on growth performance and protein accretion in growing pigs. 
 One hundred Choice Genetic gilts and barrows (BW = 9.81 ± 1.77) naïve for PEDV, TGEV 
and PDCoV were selected. Prior to allotment, pigs were weighed and a subset of 32 pigs were 
scanned using dual-energy x-ray absorptiometry (DXA) to determine starting whole body 
composition. Pigs were allotted into 1 of 4 treatments based on BW for a 42 d period. Treatments 
were: 1) control (n = 25); 2) PEDV inoculated (n = 25); 3) TGEV inoculated (n = 25); and 4) 
PDCoV inoculated (n = 25). On 0 dpi, PEDV, TGEV, and PDCoV challenged pigs were inoculated 
with respective virus at a rate of 103 TCID50/ml via gastric gavage. Infection was confirmed by 
PCR testing of feces. Pen was the experimental unit. All pigs were allowed free access to a standard 
corn-soybean meal diet and water. After 42 d, pigs were euthanized and DXA scanned to determine 
final whole body composition and protein accretion rates were calculated. 
 Pigs inoculated with PEDV had the greatest reduction (P < 0.05) in growth performance 
compared with controls (Table 1) with approximately 18% and 22% reductions in average daily 
gain (ADG) and average daily feed intake (ADFI), respectively, although, gain-to-feed ratio (G:F) 
was not different. Pigs inoculated with PDCoV had approximately 12% greater (P < 0.05) ADFI 
compared with controls and TGEV infected pigs had the same ADFI as controls. Pigs inoculated 
with TGEV had reduced (P < 0.05) G:F compared with all other treatments. Compared with 
controls, PEDV infection reduced (P < 0.05) protein accretion (g/d) by 20%. However, protein 
accretion (g/d) was not different in PDCoV or TGEV infected pigs compared with controls. 
In summary, pigs inoculated with PEDV had the greatest reduction in ADG, ADFI, and protein 
accretion compared with controls. These findings suggest that PEDV infection has a greater impact 
on growth performance compared with controls than do PDCoV and TGEV infections. 
 
Stevenson, G. W., et al. 2013. J. Vet. Diagn. Invest. 25:649–54. 
 
Wang, L., et al. 2014. Emerging and Infectious Diseases. 20:1227–1230.    
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Predicting health-challenged pig performance and energy and nutrient requirements using 
the NRC 2012 modelling module 
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Models can be used to estimate energy and nutrient requirements, evaluate feeding 
programs, and to compare pig performance modelling estimates to those actually observed. The 
objective of this study was to use the NRC 2012 modelling module to predict performance and 
energy and nutrient requirements of health-challenged growing pigs. Growth and feed intake data 
from a previously conducted study consisting of healthy pigs (Control), porcine reproductive and 
respiratory syndrome (PRRS) virus, porcine epidemic diarrhea virus (PEDv), or a combination of 
PRRS and PEDv (PRP) challenged gilts were used as inputs. From this data a 14 d period was 
analyzed using observed BW gain (BWG) and ADFI. Within the modelling module, the selected 
nutrient systems were ME, standardized ileal digestibility (SID) of AA, and standardized total tract 
digestibility (STTD) of P, and the selected model for estimating nutrient requirements was for 
growing-finishing pigs. Treatment inputs for the 14 d test period for BWG and ADFI, respectively: 
Control 8.8 and 1.04 kg, PRRS 5.8 and 0.78 kg, PEDv 8.0 and 0.92 kg, and PRP 3.8 and 0.73 kg. 
The diet ME content was set at 3,388 kcal/kg and sex was specified as gilt so that the only 
adjustments made within the NRC 2012 modelling module were BWG and ADFI. Results for this 
14 d challenge period predicted modelled Control gilt BWG (8.6 kg) to be similar to that we 
observed for these gilts. Compared to the observed BWG, the model overestimated BWG for 
PEDv (8.6 kg), PRRS (8.4 kg) and PRP (8.2 kg) health-challenged gilts.  The model also 
overestimated ADFI for all treatments by 8 – 36% and this was also reflected in ME intake.  
Utilizing observed BWG and ADFI, the model indicated no treatment differences in SID of AA 
(g/d) including: Lys, Met, Thr, and Trp. There were no differences in predicted whole body protein 
deposition rates between the control (105 g/d), PRRS (104 g/d), PEDv (101 g/d), and PRP (99 g/d) 
health-challenged gilts. This module should be limited to healthy pigs as it does not consider the 
catabolic state of health-challenged pigs as represented by the observed reduction in BWG and 
ADFI. In conclusion, the NRC 2012 modelling module is accurate in predicting BWG and ADFI 
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Porcine reproductive and respiratory syndrome virus (PRRSV) and porcine epidemic 
diarrhea virus (PEDV) are two pathogens endemic in US swine. Information on how these viruses 
interact and alter intestinal function is lacking. Our objectives were to characterize the effect of 
PRRSV and PEDV on jejunum morphology, lesion severity and PEDV presence.  Forty-two gilts 
(16.8 ± 0.6 kg BW), PRRSV and PEDV naïve, were randomly assigned to four disease treatments: 
1) Control (n=6), 2) PRRSV (n=12), 3) PEDV (n=12), 4) PRRSV+PEDV (PRP; n=12). Treatments 
2 and 4 were inoculated with live PRRSV on D0. Treatments 3 and 4 were inoculated with cloned 
PEDV on D14. On D21, all pigs were euthanized and jejunum samples were collected for 
histopathology, PEDV RNA detection by in situ hybridization (ISH), and for PEDV antigen and 
mucin2 detection by immunohistochemistry (IHC). Collectively, PRRSV had minimal impact (P 
> 0.05) on jejunum morphology or mucin2 expression compared to Controls. However, PEDV and 
PRP respectively, decreased (P < 0.001) villi height by 41% and 40%, and villi:crypt ratio by 49% 
and 45% compared to Controls; whereas, there was no difference between Control and PRRSV. 
PRP had greater ISH and IHC score compared to PEDV, suggesting PEDV protein and RNA had 
greater presence in the enterocytes of co-infected gilts. In conclusion, PRP gilts had more severe 
jejunum lesions and increased presence of PEDV in the enterocytes at 7 days post-PEDV 
inoculation compared to PEDV alone. These data may partially explain the reduced pig growth 
performances during these virus challenges.  
